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PREFACE to the third edition 

The preparation of this Edition was commenced some fifteen 
years ago and some of it was in type when the War broke out. 
After the War the pressure of other duties left me with little 
leisure for the very heavy task of dealing with the vast number 
of researches on the Discharge of Electricity through Cases 
which have been made since the publication of the Second 
Edition. The publication of this Edition is duo to my having 
had the co-operation of xny son. Professor G. P. Thomson, who 
has done most of the work required for its preparation. The 
growth of the subject has made it impossible to deal with it in 
one volume of moderate size; it has been necessary to extend 
the book to two volumes, of which this is the first, and which 
deals with what may he described as the general properties 
of ions. 

We have adopted a decimal notation for numbering the 
paragraphs, those that were in the Hecond Edition are denoted 
by integers and those dealing with subjects cognate to the 
original paragraph by this integer, followed by a decimal. Most, 
though not all, of the original paragraphs have been retained, 
a few in a shortened form. Otherwise little alteration has been 
made in thorn beyond replacing the values of the fundamental 
constants by the more accurate ones obtained since the publi- 
cation of the earlier editions. Some of these paragraphs deal 
with matters which are now chiefly of historic interest and which 
might have been omitted or curtailed if wo had been re-writing 
the book. There seems, however, to be Homo advantage in main- 
taining continuity with the older editions, and perhaps after all 
Science is more easily digested when it is lightened by something 
less formidable than mathematical analysis or the precautions 
which must be taken to get the greatest accuracy in the de- 
termination of physical constants. We are indebted for the 
Name Index to Mrs O. P. Thomson, to whom wo offer our sincere 
thanks. 

j. *t. Tiiojvrsojsr 

TRINITY LODGE 
August 1928 
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CHAPTER I 


ELECTRICAL CONDUCTIVITY OF CASES IN A 
NORMAL STATE 

1. A gas in the normal state conducts electricity to a slight, 
but only to a very slight, extent, however small the oleotrio force 
acting on the gas may be. So small however is the conductivity 
of a gas when m this state, and so difficult is it to eliminate 
spurious effects, that there have been several changes of opinion 
among physicists as to the cause of the leakage of electricity which 
undoubtedly occurs when a charged body is surrounded by gas. 
It was thought at first that this leakage took place through the 
gas; later, as the result of further experiments, it was attributed 
to defective insulation of the rods or threads used to support the 
body, and to the dust present in the gas ; more recently however it 
has been shown that there is a true leak through the gas which is 
not due to the dust or moisture the gas may happen to contain. 

2. The escape of electricity from an insulated charged body 
has attracted the attention of many physicists. Coulomb 1 , whose 
experiments were published in 1785, came to the conclusion from 
his investigations on the loss of electricity from a charged body 
suspended by insulating strings, that after allowing for the 
leakage along the strings there was a balance over, whioh he 
attributed to a leakage through the air. He explained this by 
supposing that the molecules of air when they come into contact 
with a charged body receive a charge of electricity of the same 
sign as that on the body and are then repelled from it, carrying 
off some of its charge. We shall see later on that this explanation 
is not tenable^ 

Matteucoi* experimenting on the same subjeot in 1850 also 
came to the conclusion that there was a leakage of electricity 
through the gas; he was the first to prove that the rate at which 
this leak takes place is less when the pressure of the gas is low 
x Coulomb, MAnotru de VAeadimie doe Sctencee, 1780, p. 012. 
a Mattouooi, Annales de OMurnt el de Physique, xxvui. p. 300, 1800. 
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than \\ lien it is high. 11** found ti|-4i that tie* t.»te of i>m1: w , i„ 

1 ho mum* in uir, carbonic sudd and hydrogen. <h* tin* other baud 
Warburg 1 * 3 4 5 found that t It** rat** oi !«**» 1. through l*\ wu only 

about half f »f that through uir ami carbonic acid; lu* i 'Ajih 

Alutteucci with regard to flu* equality of the r.t t <• of !•>.»!. tf.o'ti’ih 
these gases ami rmil<i det**ef no iIirt«*i**iM •* ia*t «*•••!• * !»•* leaks 
through dry ami na«,*t air; he ennlirnied Alsffcu* «-i .• oh fruition* 
on tin* elVi*ct of pressure on tin* nit** of leal.. Washing . , »*i*med 
inclined to suspect. that the h*«k «;w dm* to tin t tu tb*» ;m.,cs. 
The belief in dust being tint t*iirri**r «>f »h»* »'b'rtiui«v aa* 
strengthened l*y an experiment mail** i»y 11 jf t * »j i ** in which .1 
small carefully insulated gold deaf »'!•*< *tr» ««••*}«• «a.* placed in a 
gluss vessel filh'd with filtered gas; tin* electro** ope w»t fo'ind 
to have retained a charge <»v«*n after th** lap-** .*f heir day.*-, W»* 

know now from recent experiments that th** ..ritallnes of tin* 
leak observed in this ease was dm* to tie* sinalhe* >i* of tlif* v**. ..*«•! 
in which the charged body was placed iuth**r than t«* tie* ,d«M’Ue*> 
of dust. 

Kurthnr experiments on this subject were made by Nubi w**id3 
ami by Nnrr* who showed that tin* rati* of b*ak (tom >t < harm'd 
hollow sphere was not increased wltwi th** t**toj«**iaiui** of *h>* 
sphere was raised hy filling it with hot wat**r. ttny*5 made in 
experiment which allowed very Hourly that, whatever »h«* ciiu*** **f 
the leak might bo, it was not wholly due to want of m.'.ulation in 
the support# of tlia charged body ; in tin* experiment be attached 
the gold leave# of an electroscope first to a short and thick quoits 
rod and then to a long and thin one, and found that tie* i»te of 
leak of electricity from the gold leaves was the ►aim* it, th«* two 
oases; if the leak had been along tin* suppoit < it would have 
boon much greater in the first ease than in th** .**co»d. Hoys 
also confirmed Warburg’s observation that the rat** of leal, was 
the same in dry as in moist air. 

I VVarbtirK, fogy. Ann. «*lv. p. f>78, 1*72. 

s Hittorf, Win!. Ann. vil. p. 5WC, 18711. 

3 NftlirwoM, WbVrf. Ann. v. p. 4«JO, 1S7S; kv&i. p. Ms, ISH7. 

4 JJarr, Wiett. Ann. v. p. I4f>, 1878: viii. |i. SW»«, IHTt*; \i, p i; v,, jhmi; 
xvi. p. 558, 1882; xxil. p. 550, 1884; xiiv. p. 13», H02. 

5 Boy*, Phil Mag. xxtiii. p. 14, 1880. 
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3. The subject of the electric conduction through air is 
evidently of considerable importance m relation to Meteorology 
and Atmospheric Electricity. Experiments especially bearing on 
this point were made by Linss 1 on the loss of electricity from 
charged bodies placed in the open air; he found there was an 
appreciable loss of charge which, as control experiments showed, 
was not due to leakage along the supports of the charged body. 

An extensive series of open air measurements were made by 
Elster and Geitel 2 in many different localities and in different 
states of the weather. They found that the rate of leak varied 
much from time to time and from place to place, that it was very 
much smaller in mist or fog than when the weather was bright 
and clear, that it was greater at high altitudes than at low ones, 
and that on the tops of mountains the rate of escape of negative 
electricity was much greater than that of positive. This is doubt- 
less due to the negative charge on the earth’s surface, a mountain 
top being analogous to a sharp point on a conductor, and thus a 
place where the earth’s electric force tending to move away any 
negatively electrified body is much greater than it is on the flat. 
In plains they found the rate of leak to bo the same for plus and 
minus charges. 

4. Further experiments on the rates of leak from a charged 
body placed in a closed vessel filled with air were made almost 
simultaneously by Geitel 3 and by 0. T. li. Wilson*. The ap- 
paxatus used by Wilson for this purpose is represented in Fig. 1. 
Since the quantity of electricity which escapes from the charged 
body is very small it is necessary that the capacity of the instru- 
ment used to measure it should be small ; this condition makes 
it advisable to use a small gold-leaf electroscope rather than a 
quadrant electrometer. To prevent the leakage from the supports 
of the gold leaves vitiating the experiments, the brass strip which 
carries the gold leaf is attached to and insulated from a metal 

x Unas, MeteoroL Zeituchr. iv p. 362, 1887; JUlekirotechn. Zettachr. i, 11, p. 000, 
1890. 

a Elster and Goltol, Aim. i Phya. il. p. 426, 1900. 

3 Goltol, Phya. Zeita. u p. 110, UKK). 

4 C. T. R. Wilson, Proa. Comb. Phil Poe. xi p. 32, 1900; Proc. Hoy. Poo. Ixviii. 
p. 161, 1901. 
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rod A by a piece of sulphur It, A f»*‘in*Lr insulated hv a plug of 
sulphur from the vessel containing the gas under examination. and 
connected with u condenser (J formed of parallel plate i of metal 
Imbedded in a block of sulphur. The bra*** strip and gold leaf 
»ro initially charged to the same potential «,« the rod bv nuking 
momentary contact between the rod and tie* .drip bv mean* of a 
moveable wire; the rod being connected with a lurg»* capacity 
remains at almost constant potential, and thus if there i.* any 
leakage of electricity along the sulphur supporting the br.it*>' .**rip 
and gold half, it will tend to keep them cbm god and not to 



discharge them. The position of the gold leaf is read by means 
of a microscope provided with an eye-piece micrometer ..rule. 
The brass strip and gold leaf are used as the charged body and 
the rate at which the image of the gold leaf moves anov »h** 
micromotor scale is a measure of the rate of leak through the gn 
The following results were obtained by both (i«*it<*l arid Wilson 
the rate of escape of electricity in a closed vessel js mueh smaller 
than, in the open and the larger the vessel the greater is tin* mt»» 
of leak. The rate of leak does not increase in jm»fM»rt ion to the 
difference of potential between the gold leaves and the walls of 
the vessel; the rate soon reaches a limit beyond whieh it does 
not increase however much the potential difference is increased; 
provided of course that this is not great enough to cause a parks 
to pass. 
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Assuming that the maximum leak is proportional to the 
volume of the vessel, Wilson’s experiments, which wore made with 
vessels less than 1 litre in volume, showed that in dust-free air at 
atmospheric pressure the maximum quantity of electricity which 
can escape in one second from a charged body in a closed space 
whose volume is F cubic centimetres is about 1 0 -8 V electrostatic 
units. Rutherford and Allen 1 working in Montreal obtained 
results in close agreement with this. 

As the result of a series of experiments made at pressures 
ranging from 43 to 743 millimetres of mercury, Wilson came to 
the conclusion that the maximum rate of leak is very approximately 
proportional to the pressure, thus at low pressures the rate of leak 
is exceedingly small: this result is illustrated in a striking way 
by an observation of Crookes 3 that a pair of gold leaves could 
retain an electric charge for months in a very high vacuum. More 
recent experiments have shown that it is only in small vessels 
that the maximum rate of leak is proportional to the volume and 
to the pressure. With large vessels the rate of leak per unit 
volume is considerably less than in small vessels. The rate of 
leak also depends upon the nature of the walls of the vessel. The 
rate of leak is about the same m the daik as it is in the light, 
it is thus not due to light, and that it can be wholly due to some 
invisible form of radiation coming from outside is rendered im- 
probable by the observations of Rutherford and Cooke3, Cooko4, 
McLennan and Burton 3 that though the leak inside a dosed 
vessel can be reduced by about 30 per cent, by surrounding the 
vessel with thick lead, yet the diminution reaches a limit when 
the lead is about 2 inches thick, after this no diminution in the 
leak is produced by increasing the thickness of the lead. The 
rate of leak in a dosed vessd is the same when the vessel is inside 
a railway tunnel as when it is outside; in the former case any 
radiation reaching the gas from outside must have travelled 
through many feet of solid rocks (see however §6*1). 

X Rutherford and Allen, Phy*. Zeitn. in. p. 220, 1002. 

a Crookes, Proo. Roy. Boo. xxvxti. p 347, 1870. 

3 Rutherford and Cooke, Phy* Rev. xvi. p. 183, 1003. 

4 Cooke, PhiL Mag. vi, 6. p 403, 1003. 

5 McLennan and Barton, Phye. Rev. xvi. p. 184, 1003. 
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5. Oeitel Ooc. nt.) made the very mt**n* -t ittur observation that 
the rate of leak in a <*!#***«**l vessel inereu.-ev, after flu* refilling of 
tU« vessel with fresh air, for wnni< * I * i . uh«*tt it r*M«'he» .1 ''im> 
Kt tint value at which it' remain-* for :in indoiinif **lv ion*/ time. 
Tin* most obvious explanation <tf this r*vult is that if i* *!»*#* to tin* 
settling down of tin* dust, as Mister and f «»*ii f/nc. of,| h.i\e 
shown filial tin* presene** of dust, ft nr. or mif diiii'mi-hc.* the rate o| 
leak. This explu nation is however rendered imt**ti.if»l« bv some 
later experiments 1 made by fin* Katin* physiei *t in wlin-h » liny 
found that the period required for tin* i/a m to attain if* maximum 
conductivity was not. appreciably diminished by tillering the du*t 
out of the* air by sending it through water, or by extractin'* tin* 
moist uro from this gas: thus if tin* increase in tin* rat** of i**ak is 
duo to tin* settling down of some foreign matter from the gat. this 
matter must ins something whieh cannot be got rid of by filtering 
the gas through water-traps <*r plugs of &lss.-w'ool. 


6. Another aspect, of this phenomenon h th** very inter* - ting 
fact, discovered by Mister and tb*itel* that, the rat** of bat in 
oavos, ami cellars where the air is stagnant and onlv renewed 
slowly, Ih very much greater than in the open sir: thu* in nine 
experiments they made in a cave tin* Buumanu-hohlc in t Is* Haix 
Mountains -~they found that in the eave the electricity j«*d at 
soven times the rate it did in fin* air outside, even when thtf was 
clear and free from mist. They found tan that in ,i cellar whon* 
wirulowR had been shut for eight days the rate of bvd; woo very 
considerably great-i*r than it was in the air outside. The,-** ••xjhti- 
mnnts suggest, that Homething producing abnormally great con- 
duotivity slowly difTusi‘s from the walls surrounding the go , and 
that this diffusion goes on so slowly that when fresh gn i*. intro- 
duced it takes a considerable. time for the sulcdnuce from tie* walls 
to again diffuse, through the volume. 

This explanation is in accordance with modern know ledge of 
radioactivity. The minute truces of radium and thorium product*, 
in the soil give rise to * emanations," radioactive gases which can 
diffuse out from porous substances. These emanations i heim-elves 
produce conductivity in any gas with whieh they are mixed, and 
by their decay give rise to a series of secondary solid products 

t Klfiter and (Vital, Phy*. fait*, ii. p. 5IH> f ISJfJl, 
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which decaying in their turn also give rise to conductivity in the 
gas near thorn. As these substances have very different rates 
of decay and vary in their power of making a gas conducting, 
the variation of conductivity with time may bo very complicated. 

The experiments we have described show that the rate of 
leak of electricity through gas m a normal state is influenced by 
a great variety of circumstances, such as the pressure of the gas, 
the volume of gas in the electric field, the thickness of the walls 
of the vessel containing the gas, and the amount of dust or 
fog held in suspension by it; all these effeots receive a ready 
explanation on the view to which we arc led by the study of tho 
effects shown on a larger scale by gases whose conductivity has 
been increased by artificial means, namely that the conductivity 
is due to the presence of charged particles, or “ions/ 1 Wo may 
at once point out that the increase of the rate of leak with the size 
of the vessel containing the charged body shows that tho conduction 
is not due, as Coulomb thought, to particles of gas originally un- 
charged striking against the charged body and receiving a charge 
which they deliver up to tho sides of tho vessel ; if this were tho 
method by which tho electricity escaped the rate of leak would 
not increase with the size of tho vessel. For the sake of <iom> 
pletenoss we acid hero an account of recent work on the subject, 
though this involves reference to the ionic theory to be developed 
in the next chapter. 


6-1. The leakage of electricity through air under normal 
conditions has attracted a great deal of attention during the last 
few years and has a very important bearing on theories relating 
to the constitution of tho stars and the transformation of matter 
into radiant energy. - 

There are several sources of the conductivity of normal air; 
part of it may be due to the presence of radioactive substances 
in the walls of the vessel in which the gas is contained or of a 
little radioactive emanation in the gas itself. Tho conductivity 
we are considering is so small that the presence of a mere trace 
of a radioactive substance or a trace of radioactive property in 
ordinary substances would be sufficient to account for it. Tho 
metal of which the containing vessel is made has certainly a 
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considerable effect r»n t)w conductivity of the < »)n* may how- 
ever be due not to any intrindc rndi.it ion from the i ii**f ,i K hut 
to an excited miH.it ion produced by tie* po •* e/*- through th* 
mi‘t»l of a vary penetrating radiation. for th** *- v» ■ of which 

we ahull s**e that there is \ery strong evidence. The nit rm.-ie 
rail iat ion of the metal eannoi tie the unh -otirce of the eon- 
<iiii*tivil\ of thorns, for it it were, the eomlmtnif, of the gas 
in a closed vessel would he independent of fte‘ >u roundings of 
the vessel. Now M'‘I.enuan* ineamred the conductivity in a 
hennet icullv sealed vessel tut land at Toronto in ( 'att.ida. t 'emhridg**. 
Knglmnl, and Howland. Scotland, and al.-o on hoard the S.S. 
pintt while crossing the Atlantie. lie found that the rate of leak 
of electricity through the gas was very much the am** at all 
the land stations, and could he represented hy th** production in 
the gas of ions at, the rate of !> ions p»*r e.r. of the gas per •e«*»inrj; 
ilia leak over the sea was however condderahly h* ■. than this 
and could he represent**! hy the production of ouh t* ion* j*er e.«*. 
per second in the gas. McLennan and Wiight* had previously 
found that th** h*ak over the i**e in Tomato fia\ vu,: eou*:i*l**r.d»iy 
Ipbs than that on the shore. Pacini-* aho found a diminution in 
the rate *>f leak out at sea compare*! with that on .dion*. Then* 
experiments indicate that some of th** leak is produced hy radia- 
tion coming from the land and that this radiation i* cut off hy 
the ocean. Kooks an*! soil are known to he radioactKe. as i-* 
also the water in many rivers and streams. <*o»firnutinn of the 
existence of this terrestrial rudiatiwt was obtained by me,»Mire- 
meats of the leak at <liffer«*nt heights above tin* surface of the 
earth. McLennan and M <] (*a!lum4 m**asur**<i the rate of h-ak at 
the top of a tower (M metres high, WulfS at fin* fop of the Kiff.-I 
Tower 300 metres high, and Hergwi tz* at tin* t**p of a tower 
100 metres high, and found a marked diminution as compared 
with that at the base* of the towers; this is what we should expect 
from the absorption of the radiation by the atmosphere, 

x M°Lf>nnan, PhiL May* vi. 24, p, f>20, HM2. 

2 McLennan and Wright, PhiL May, vi. 17, p. 210, liHift. 

3 Pacini, Anrutli d?3P ITfflrio (Uni nth Alrhor, t OrntL fM\nnn t 27, |»f. 1, 1010. 

4 M°Lonnau and M<*C&Ilum, PhiL M<vj. vi, 22, j>. 8211, 1111 t. 

5 Wulf, Phyn* Zeits. xi. p. 811, 1010. 

6 B<*rgwitz, Ilahilttaiiomchrifi $ Brunswick, 10 10, 
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Observations in balloons at greater heights have brought to 
light the existence of another radiation coining from 'the slty 
and not from the earth, which also makes the gas a conductor 
of electricity. 

Goekel 1 found from balloon observations that the diminution 
of the rate of leak with height got very small at altitudes of 
from 1 to 2 kilometres, while Hess 3 at similar altitudes found the 
rate of leak was actually greater than at sea level. 

Kolhorster3 made a very detailed study of the variation in 
the rate of leak at high altitudes, and observed very decided 
increases in the rate of leak with the altitude. The results are 
given below; Ihe figures in the second column represent the 
difference in the number of ions produced per second per c.c. of 
the gas at the altitude given and at the surface of the earth. 


Height m 

Relative numbe 

kilometres 

por c o. per 

1-0 

- i n 

2-0 

+ 1-2 

3-0 

+ 4-0 

4-0 

+ 8-3 

5-0 

H- 18-5 

6-0 

-I 28-7 

7-0 

-f 44-2 

8-0 

| 61-3 

9-0 

■1 80-4 


Millikan and Bowen sent up self-registering instruments in 
balloons which were afterwards retrieved; these also registered 
an increase in the rate of leak with the height, though considerably 
less than that obtained by Kolhdrstor. 

The variation of the leak with the height is what would occur 
if the leak were produced by radiation of two typos* (1 ) a radiation 
coining from the ground, and (2) another coming from the sky. 
The effect due to (1) would diminish as the height increased, 
while that due to (2) would increase. 

Estimates of the leak duo to the second typo of radiation at 
the surface of the earth have been made by various experimenters. 


x Goekel, Phya. Zeita. x. p. 845, 1909; xu. p. 595, 1911. 
a Hess, Phya. Zeita. jeJL p, 998, 1911. 

3 Kolhorster, Phya. Zeita. adv. pp. 1080, 1153, 1913; Deutach. Phy ». Qeaell. 
Verb, xvi 14, p. 719, 1914. 



b» r.M.rritii'u. rosin niv jty mi uv*ks i»m 

Thoir wsults an* jn\i*n in tin* *v* if t.il ♦!•* . tin* amount of Hu* 
h*ak i» in-. » In* tiutiib<*rof ion.* prodta***d j»*r por o*»**»nd. 


Kolhorsfer. . 

... 1-1: l*ic. 

I’aeiid 

... 2*1 

v. Schweidler 

... 

lb*ss 

... 2*7 • 2*2 

tloekej 

... 2*t 

Millikan mid l{«vn*n 

... l*t 


Ah tin* total I«*ak ill fh«* aarth's < urfa**»* Mould yot.of.dU* rum** 
spond lo tin* production of Ih*Iwi*i*ii III and »<* ions per r.r, per 
wcowl, th*» rays of type {«} at >’**a b*v«*l nr** only r*o.f»o*i'>ib{o for 
a small fraction of tin* h*«ik. Tin* urc.it «*r part **»*i*ins to bo du** 
to rail in t ton of typo fl). for l*«»r*iwitJ 5 found that in a »vwm in 
n rock-salt mini* whore Imlli radiations wow pw-.uimabh < ut off 
tin* rail* of li*uk sank to •** ions jt**r <*.»*. j«*r second. 

Millikan and lkiwi*ii * ifivi* tin* following luiudieT 4 * «,t repre- 
senting fin* number of ions per <*,<», p«*r second pr« I J»y 
rmiiation of typo f2): 

J*4 at sea level 
2*f5 at HWhi metres, 

4*K ai !Mimi iwtav, 
o*ll at. 1200 met r»*i*. 

Kolhbrster* made observations at the top and ;*t sotm* distance 
below* the surface of glaciers on thi* d mad ran, ami * I*** i ♦*#***• I tin* 
absorption of flow rays by ice, Hi< found value*. for ft, tin* 
enefneiont of absorption fur in*, ranging from HJ 1 Ji» 1 cm. 1 
to 2*7 ' lo *i*.ni. values which aw* much smaller than that for 
the y radiation from any known radioactive substance. If«* found 
a diurnal variation in tin* amount, of this radiation and diege.tcd 
that it might bt* connected with thi* Milky Wav. \ description 
of ap)ULKif.tiM suit abb* for those* measurement >i in given by Kol- 
hbrstcr in thi* Zvittt, I itxtntmvHtvvk. xiiv. p. 22.% 11121. 

6*2. A vi*ry complete investigation of th« absorption of fh»*s** 
rays by water has i»«i*n mad a by Millikan and Bowen J. a bo tnadi* 

X MilUknn and Bowmi, Hfif/n. Hi r. xxvii. p, 383, 1 U‘2\ 

9 KrdhSwtWi Iterlin. Itrrirhtr, 1023, }>. 31.15. 

3 Millikan and Bowen, l*hy*. /tea. xxvii. p, 3fi», 1(133; xxviii, |». HA I, 1020, 
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observations on the rate of leak in vessels submerged at different 
depths in two mountain lakes on Mount Whitney — Lake Muir at 
an altitude of 11,800 feet and Arrowhead Lake at an altitude of 
5100 feet These lakes are fed by melted snow, so that the water 
is not likely to contain radioactive matter. 

It appears from these measurements that the radiation is by 
no means homogeneous, for the greater the depth below the 
surface the more penetrating was the radiation; the absorption 
coefficient for water at the top of the lake was 3 x 10~* cm. -1 
and at the greatest depth observed 1*8 x 10~ s cm. -1 . These are 
of the same order as those obtained by Kolh5rster. Millikan ’s 1 most 
recent work has given evidence of radiation of absorption coeffi- 
cient of 10~*cm. _1 , corresponding to a wave length of *00021 A. 

Millikan and Bowen, however, did not observe any trace of 
the diurnal variation described by Kolhorster. Applying an 
expression due to Compton for the connection between the ab- 
sorption aiyd the wave length, they found that the greater 
absorption corresponded to a wave length of -0063 A., the smaller 
to one of *00038 A. or 3*8 x 1 0 -1 * cm. These wave lengths are 
almost comparable with the dimensions of an electron. The 
quantum of energy corresponding to the smaller wave length is 
about 32 million volts. This energy is great enough to separate 
an electron from a positive oharge even if the distance between 
them were as small as 5 x 10 -14 cm. The energy is more than 
half that of the fastest a particle. This is much greater than the 
energy associated with the y radiation from any substance hitherto 
discovered, and many suggestions have been made as to its origin. 
Thus Jeans and Eddington have suggested that the rays arise 
from the destruction of matter by the coalescence of an electron 
with a positive particle and the conversion of their energy into 
radiation; this would give even more penetrating radiation than 
that under consideration, though it might he degraded into a less 
penetrating kind by passing through matter. 0. T. B. Wilson 
has suggested the possibility of the radiation being due to electrons 
which have acquired energy amounting to millions of volts under 
the action of something analogous to thunder-storms, such 
differences of potential are probable, as the loss of energy by 
x Millikan, J Nature, cocci, p. 20, 1028. 
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lit tii* tim** lift **r tin* tiftcut which made it a conductor im* c»\i.«.»*d 
to art; if m conductivity however ulwav.'. dumni dn*., in mine « a*‘i*n 
very rapidly, after tin* a;*«*n» i.< icmo\.*d. .md tin.diy it rii 
'rill* peiv>h'tenc«* of tin* rotidm tiv it v Hull be n v »*ri dmplv 

by e\pn in;f tin* air in one place to X i.,;, . <>i tic* i.i> . from 
radium or polonium, ami pnftiny. >oin»* \>.r. mi, u eh.nycd 
elect rtwojH* co\ with a cape made «*[ -.mo* ;m is** o ,i,- to 
screen off tin* reyioit i*Aj«eied to flu* i«iw» tima th<* »* 1 eeti«»,*tati«* 
field *lui* to tin* elect rn*ei. pc. If fit** air ». .til!, the **!>•* tror.rnpe 
will retain its charge **v**n when tin* r.ou; .it** m action, out jf %y„ 
blow soitn* of tin* «ir <ra\»*rA«fl by tin* i.o.;. to.*, aid* tlo* elect jo 
scope. tin* hit tor will le*jrin to b».w* it • eh.ii ye, , how my th.it the 
air has retained its conductivity during fh<* time taken by if to 



t.mvi‘1 to tint i*iwtinwM»|»* from tin* pl.ic** w here i* wa i c\jio.ied 
to t,h** rnys. A sot now bat- more diibijati* from of this csperimeid, 
vvhii'h i*nabl**s us to prove several iitW itu **r»- uti" j*r«»f »*** t i<**;t of 
th« <*f mil in* tiny; <*as, is to place th«* elect roneop** hi a *de*s v**..sel A 
in whioh thi*ri* art* two tubes, on«* b*adinj/ to .1 water pump, while 
the i»nd of tin* other (' is in tin* rcyi.ni travers'd by fin* X nv*, 
Tin* tuba list'd to produce fin* rav* i.. placed it» a bo* which 
with the except ion of a window at H to Irt tin* rays thiouvh ia 
t'tivt*rt*tl with lead: this shields tin* electroscope from tin* diteet 
action of tin* rays: if tho watt*r pump b»* worh*»»l > lowly so as 
to make 11 kIow current of air purs from tin* rcyum t ravei. cd by 
th« rays into tin* vessel /l, tin* «*Wtru*co|** will piudu.dly lose 
its charge whether this be pnsitiva or negative: if the pump 
be Htopped and the current of air ceases, tin* disrha rin* of tho 
electroscope will cease. 
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The conducting gas loses its conductivity if it is sucked through 
a plug of glass-wool oi made to bubble through water 1 . This can 
readily be proved by inserting in the tube 0 a plug of glass-wool 
or a water-trap and working the water-pump a little harder so as 
to make the rate of flow of air through the tube the same as in the 
previous experiment; it will now be found that the electroscope 
will retain its charge, the conductivity has thuB been taken out 
of the gas by filtering it through glass-wool or water. The 
conductivity is very much more easily removed from gases made 
conducting by the various rays. X-rays, cathode rays, &c., th».n 
from the conducting gases derived from flames and arcs; the 
latter as we shall see require a great deal of filtering to remove 
their conductivity. If we replace the tube G by a metal tube of 
fine bore we shall find that the gas loses some of its conductivity 
when it passes through it, and the finer the bore the more rapidly 
does the conductivity disappear. The conductivity may also be 
removed from the gas by making it traverse a strong electric field 
so that a current of electricity passes through it 3 . To show this, 
replace the glass tube O by a metal tube of fairly wide bore and 
fix along the axis of this tube an insulated metal wire; if there 
is no potential difference between the wire and the tube, then the 
electroscope in A will leak when a current of air is sucked through 
the apparatus; if however a considerable difference of potential 
is established between the wire and the tube, so that a current 
of electricity pusses through 'the gas during its passage to A, the 
leak of the electroscope will cease, showing that the conductivity 
of the gas has been removed by the electric field. 

10. '- The removal of the conductivity by filtering the gas 
through glass-wool or water and by transmission through narrow 
metal tubes shows that the conductivity is duo to something mixed 
with the gas, this something being removed from the gas in the 
one case by filtration, in the other by diffusion to the walls of the 
tube.^# Further, the removal of tho conductivity by the electrio 
field shows that this something is charged with electricity and 
moves under the action of the field; since the gas when in the 
conducting state shows as a whole no charge of electricity, the 

x J. J. Thomson and JO. Rutherford, Phil. JUng. xlii p. 392, 1898 

2 Ibid. 
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charges removed must In* both po. ili\e and negatin'. \V»* an* 
thus led to tin* eonclti ion find fir* conductivity of tin* ■/.»* is 
due to eleetrified |h«i f * mixed up with the t'.tr, mm* of thc A a 
{(articles having rur#* **. of podfiw vb*< tin itv. othci > of negative. 
We shall c.itl fhe:«e elect i if »»*i I |»t* r t »*-!**- ion . and the pioccj-s |»v 
which a irtM is mud'* info a conductor tin* ioni. afion of # |*»» gas. 
We shall sliow later on how the um.'-c, and rhstge. of t !*•* ham 
may be determined, when if will appear that fin* ion* in a ya. an* 
not identical with those met with in tin* elect rolv -is of ..'olutions. 

II. The passage of a current of ••Icctrieiti thmuyh a conducting 
gas docs not follow Ohm’s law uuin.) tin* elect lomotivc fore** 



vivr 

Ke<. 3. 


anting on the was is small, * We may iuviyti^nti* tin* relation 
het ween the current and potential difference l*v tubing two pataUd 
tnetal plates A and // th’iu. d) immersed in a aux, tin* for* between 
the plates being exposed to the net ion of .*onn* ioni dug agent nueji 
as X-rays or the radiation from a radioactive lade tam**. One 
of the plates tt is eonneefed With one of the pairs of »p)adr»nt/> 
of an electrometer, the other pair of *|uudraut* being put to 
earth. Tin* other plate *| is eonneeted with one of the terminals 
of a battery of several storage cell**, the other terminal of the 
buttery being eonneeted with the earth; initially the tw«» pairs 
of (juadratifs of tin* electrometer ar** connected together, then the 
connection between the quadrants is broken, as a current of 
electricity is passing across the uir space between A and H , the 
plate li gets charged up ami the needle of the electrometer is 



11] WHE N IN THU CONDUCTING STATE 17 

deflected ; the rate of deflection of the electrometer measures the 
current passing through the gas. By making a senes of observa- 
tions of this kind we can get the means of drawing a curve such 
that the ordinates represent the current through the gas and the 
abscisses the potential difference between the plates : such a curve 
is represented m Fig. 4*. We see that when the difference of 



potential is small the curve is approximately a straight line, in 
this stage the conduction obeys Ohm’s law; the current however 
soon begins to increase more slowly than the potential difference 
and we reach a stag© where there is no appreciable mcrease of 



Fig. 5. 


current when the potential difference is increased: in this stage 
the current is said to be saturated. When the potential difference 
is increased to such an extent that the electric field is strong 
enough to ionise the gas, another stage is reached in which the 
current increases very rapidly with the potential difference ; curves 
X J. J. Thomson, Nature, April 83, 1896. 
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for the construction of the MahSvedi, ‘ great altar’. The carts, which Ixavc the 
Soma, are placed in it, and three paces east from its west end is the Sadas, 
‘seat’, which is a hut covered over, in which ceremony the UdgOt? helps the 
Ad hvaryu as in other parts of the service. In front of the axle of the right- 
hand cart four sounding holes are made, which are used as an earth drum to 
the sound of the pressing of the Soma with the stones. Over the holes, 
which at the foot are not separated, are placed the pressmg-!x>ard», and over 
them again the skin on which the stones are placed. The earth thrown up 
from the pit serves to make six fire hearths or Dhi§uyas, which extend from 
south to north, and are appropriated to the MaitrSvaruna, Hot*, BrOhmapOc- 
chafisin, Potr, Nesfcr and Aehavfika. Outside the Sadas, on the right side of 
the Vedi, is the MsijaEya hearth, used for cleansing the utensils, and opt>ositc 
it the hut for the Agnldhrlya fire. 

The oftering of the victim to Agni and Soma is the occasion of an interest- 
ing rite : the sons, grandsons, and relatives of the saerificer are invited to 
assist in it : the Adhvaryu takes hold of the saerificer, the wife of the 
Adhvaryu, of her the sons, of them the grandchildren, and of them the 
relatives, thus presenting a picture of family ritual, which is the more note- 
worthy in that it is not connected as usual with the worship of the dead. The 
whole body set themselves in procession to the Agnldhrlya and the Ahavanlya 
to the recitation of verses for the bringing forward of Agni and Soma. Before 
the offering is actually made, the AvantaradlksS comes to an end. The 
saerificer unloosens his girdle, lets go his fist, and gives up the restrictions 
hitherto imposed on him. The victim is then offered, and the waters for use 
are drawn in some place shadowed from the sun, while the cows are milked, 
and the saerificer spends the night awake and guarding the Soma. 

The early dawn of the next day sees the service commenced by tiie per- 
formance of the Pr&taranuvaka, * morning litany addressed to Agni, the 
Dawn, and the Ajvins : the rule according to some texts is that the recitation 
is to be kept up from very early in the morning to the break of day. At the 
same time cakes are made ready for offerings to Indra Harivant, Indra and 
Pagan, Sarasvati, Bhfiratl, Indra, and Mitra and Vanupa. Then comes the 
ceremony of fetching waters for use in the mixing of the Soma. 

The pressing of the Soma may be preceded by the offering of cups of curds, 
butter, or Soma, in which case a few stalks only are pressed : in the Vojapeya 
and the R&jasQya there are also the Ah£u and Ad&bhya cups, the first of 
sour milk merely touched with Soma stalks, the latter of Soma. The great 
pressing is preceded by the UpM§usavana which provides Soma for the 
UpSfipu cup. The pressing takes place in three rounds : the Adhvaryu, 
Pratiprasthfitr, and Unnet!’ are the performers : the juice is poured into the 
Adhavanlya vessel, which is filled with water, and is then passed through a 
sieve to the wooden tub. The Unnetr draws Soma from the Adhavanlya 
with a vessel, and pours it into the Hotr’s cup, and the saerificer then pours 
from it an unbroken stream on the sieve from which the next cups are drawn 
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time, fc.en.ce %Je cannot be greater than q, and thus i cannot be 
greater than qe: qe is thus the value of the saturation current. 
If the ions are produced uniformly throughout the gas, and if q 0 
is the number of ions produced in one second in unit volume, 
and V the volume of gas between the plates (Tig. 3), then the 
number of ions produced in the gas per second is q 0 V and the 
saturation current q 0 eV. Since V is equal to the area of one of 
the plates multiplied by the distance between the plates, the 
saturation current is proportional to this distance. This relation 
between the saturation current and the distance between the 
plates has been verified by measurements of the saturation 
currents through gases exposed to X-rays 1 . 

14. Even when there is no current of electricity passing 
through the gas and removing some or all of the ions, the number 
of ions present in the gas does not increase indefinitely with the 
time which has elapsed since the gas was first exposed to the 
ionising agent ; { the number of ions in the gas and therefore its 
conductivity acquire after a time steady values beyond which they 
do not increase however long the ionising agent may act. This is 
due to the recombinations that take place between the positive 
and negative ions ; these ions moving about in the gas sometimes 
come into collision with each other and in a certain fraction of 
snoh cases of collision the positive and negative ions will remain 
together after the collision, and form an electrically neutral system 
the constituents of which have ceased to be free ions. The 
collisions will thus cause the ions to disappear, and the steady 
state of a gas whioh is not carrying an electric current will be 
reached when the number of ions which disappear in one second 
as the result of the collisions is equal to the number produced in 
the same time by the ionising agent. Starting from this principle 
we can investigate the relation between the number of free ions 
when the gas is in a steady Btate, the strength of the ionising 
agent, the rate at which the ions increase on the first exposure to 
the ionising agent and the rate at'whioh they die away when the 
ionising agent is out ofi. 

x J. J. Thomson and E. JEtutherford, Phil. Mag. v. 42, p 392, 1896. 
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state under exposure to tlie ionising agent, as thin time varies 
inversely as •y/q we see that when the ionisation is feeble it may 
take a very considerable time for the gas to reach the steady 
state. 


Thus at some distance, say a metre, from an ordinary X-ray 
bulb it may require an exposure of a minute or two to bring the 
gas into a steady state. 

When the ionisation is produced by X-rays, y *is proportional 
to the pressure, we shall see that when the pressure is not too 
high a is also proportional to the pressure, so that y/qa will be 
proportional to the pressure, thus the time taken to reach the 
steady state will be great when the pressure is low. When q 
and a are proportional to the pressure, % the density of the ions 
in the steady state will be independent of the pressure. Thus if 
a large volume of gas at a low pressure is ionised and then suddenly 
compressed to a small volume, the rate of recombination of the 
ions in that small volume will be very great. The neutralisation 
of positively charged atoms by a negative charge is often the 
source of luminous radiation; hence it would appear not unlikely 
that if a large volume of ionised gas were suddenly compressed 
light would be produced. New-all has observed that when ionised 
oxygen is suddenly compressed it becomes luminous, without 
further investigation, however, we cannot be sure that this was 
due to the cause under consideration. 


We may use equation (2) to determine the rate at which the 
number of ions diminishes when the ionising agent is removed; 
putting q 0 in that equation we have 


hence 


dn _ 
dt ~~ 

» = 


— an 2 


«o 

1 -|- n 0 a£ 


( 4 ), 

( 6 ), 


where w„ is the value of n when t «* 0. Thus the number of ions 
falls to one-half its initial value in the time l/n 0 a. We may 
regard equation (4) as expressing the fact that the rate at which 
the ions disappear is the same as if the Hfe of each ion were equal 
'to 1 Jan. 
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where rcprcMcntH (l»* eoidlirient of rt'rtimbiwi’io,, h*tv,.<»*n <|,»* 
negative ion of fin* rth type and tJm* po.jdve i«ui «»} tj,.* tj, »**p<*, 
tf r , //., represent (fa* rnl*o at u hieh t h**:.** ioi-n so** |*f «*< j. |;*; r< ..,f 
in vary .ipeeiid rawes Mich tie when til*’ e*. ,u.< «}| ,-q tbif. tie* m'* 
and //'h will no lon«r«*r Ic* repre. «*ii»t*d i»\ e-piutioj,,' <d the .ana* 
forms mm e/pintiotiH f‘J) or (oj. Thu**. a > an example t;d,e }},*» 
problem of finding tin* rat** at which the ion*; di**..ppc,<»* uJ ; e„ 
there arc two tyfie* of negative and one of po. itivo ior*, iia* 
equation* arc 

titty 

fit “ 

tin » 

tiff! % . 

t/( '*'«J (tr u fi t ■ f'rj/fj). 

these are equivalent to 

«,* r// a * * f 

whero (7 in a constant, and 

« t f fh>l 

11 V n % (n l i (r» t * - 

an equation winch will nofc be of the same form a* Cj) unices 
«**"■ ft xl , Thun uni chs the ions were liontojLreneomi or the coeffi- 
cients of recombination all equal we Mhouid not expect, the decay 
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o f the ions to be represented exactly by equation (6). As a matter 
of fact however this equation does hold very approximately fox 
the cases which have been tested. This has been shown by 
Rutherford 1 for gases ionised by X-rays and by uranium, 
by M°Clung® for gases ionised by X-rays, by Midlands for 
gases drawn from the neighbourhood of flames and arcs, and 
by Erikson 4 for gases ionised by a-rays The analogous case of 
an insulating liquid ionised by radioactive substances has been 
shown by van der Bijl’sS experiments on hexane, carbon tetra- 
chloride, and carbon bisulphide to follow the same law. 
Sutherland 6 proposed the law 


dn 

dt 


— av^\ 


there does not however seem any ground for supposing that 
equation (4) does not hold provided the condition under which 
it is obtained — that the ions are homogeneous — is fulfilled. 


15. Methods for determining the Coefficient of Recombination 

1. Gras Current Method. In this method which was first 
used by Rutherford (loc. dt.) in 1897 air exposed to X-rayB 
at one end of a long tube is sucked through the tube and the 
saturation currents measured at different places along the tube. 
These currents are proportional to the value of n at the place of 
observation and if the distance of this place from the end of the 
tube is known as well as the velocity of the air current, the time 
which has elapsed since the gas was ionised can be calculated. 
We thus determine the value of n corresponding to a series of 
values of t, and from these the value of a can be determined by 
equation (0). Care should be taken to free the gas from dust, as 
fhift greatly increases the rate of recombination. The tubes should 
be so wide that the loss of ions by diffusion to the sides of the 
tube is small compared with the loss by recombination. This 

z Rutherford, Phil. Mag. v. 44, p. 422, 1897 ; 47, p 109, 1899. 

2 MoQhiag, Phil. Mag. vi 3, p. 283, 1902. 

3 M°Cloll&nd, PhiL Mag v. 46, p. 29, 1898. 

4 Erikson, Phya Rev. xxvll. p. 473, 1908. 

5 van der Bijl, Ann der Phya xxxix. p. 170, 1912. 

6 Sutherland, Phil Mag. vi 18, p. 841, 1909. 
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to determine tin* coefficient , of iccotobbt.ition hi .dr, b*. diooon, 
oxyocn and **ii rl*oni«* ,*rid. Tie* method cut « l?» » « . i*r onjv he n-*»| 
when <i lar»M* iju.mtitv of t f»*» jm.» t , i ! .* h!**, 

11. Rutherford’s Pendulum Method. Walter method 
also u.-ed 1 »v Rutherford ran fw* employed »♦*. »*>* toi o.i.-e of 
which only small tpiniittfic, «vn !»•• ptoruted. Im » !si ■ Method •',*,, 
confined in a ve.jel is e.\po.*ed to tin* action <•{ ,«ri j* , in*/ .»****; j* 
such as X rays. Inside the v»v.*el are two p.H.dh*| metal plate 
A and //, between which the imitation b> to b** toe** no-d nn -ome 
of Rutherford'* ex pet intent,* one of th< p? **e w.*,- r* t»!.*ecd bv 

the ease of ihc ves* *•). whieb wa- made .» com be "n Iv hi.bij,' it 
with wire vans**, the other plat** wjm t*>pb* *•*..} by at* it:. *dal«*l 
wire rautiim/ down the middle * *1 tin* \* ''l 1 . < b ** of the e 
plates A cam be eouneeted with an r!e*'f inm»*»er, tin* other /f 
with one terminal of a lurtje atoiutrc hatfety. ’!•*• o*le*r terminal 
of which is kept, to earth. A pendulum tut* rioptet i nit-nercd 
no that as a heavy peudultim ewiiun* it rttiko ,j*»,do, i b*vet. and 
bv this means makes or break'* \,iboi|„ connection-. VVJ.ib* tj, * 
vessel is under the influence <*f the rays A *nd ft ate *.»me<’t**d 
together and to earth, then A i i dt -connected fiom noth e„**b and 
electrometer and left ineidated. and It is di,-eoni*e ( t« d boat the 
earth: the peudulnm is theii let im: a t it f.Jk it tis-t hov.l.- the 
etirretif, {*oin*r ihroiioh the primary of tin* indiution cod teed to 
excite tin* rays, it. thus atop* tie* ioni,„id<>n then vf’e* ,.n b.t.-j , ,5 
t (which can easily h** varied) it .\frik**.i «**,*b"t eeof-.oj n-x*-, 
which has the elT**ct of connect mg ft with tie* hi*,»h potential p*.l« 
of the battery, thus producing a -irony eleetiic ti«*t«l betn-cn tJ*c 
plates A and ft: this fi**Id. if ft i-t chai *r***l po itivly, diiv*v in 
a vary small fraction ot a second all tie* j*n*i‘i\o ion,', -tlm-h e-.i. t 
between A and ft against /I, so that A receive, ;• positive « beige 
proportional t,o a; tin* pemhdum in its *vdn*» then ;n„. , on t*. 
disconnect ft (rout tin* battery and connects it eu »th. 1 to* 
plate A is now* connected with the elect ininofer Un* n.-cdle .. | 
which is deflected by uu amount propuitioiial to the chatye on th«* 
plute A t /.<*. to n. By adjusting the a ppooitu.- . o »<. tn alter fin* 
x Townwtwi. t*h <1. Tra h h. l‘M. A, i It, Is;*;*, 
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time which, elapses between cutting o£E the rays and connecting B 
with the battery we find a series of corresponding values of n 
and t\ these were found by Rutherford to fit in well with the 
relation indicated by equation (5). 


15*1. III. Riimelin’s Method. Another method of deter- 
mining a which has been used by Rumelin 1 is as follows. The gas 
is exposed continuously to the ionising agent, the electric field is 
applied to the gas by means of a rotating sector and is adjusted 
so as to be zero during a part of the revolution of the sector and 
to be large enough to produce complete saturation during the 
remainder of the revolution ; the current sent through the gas by 
thiB field is measured by an electroscope. 

If T is the time of revolution of the sector, l x the part of this 
time during which the gas is free from the electric field, the 
part when the saturating field is applied, then with the notation 
of Art. 14, Wj the number of ions per unit volume when the field 
is first applied is given by the equation 

Te (e 3 ***! — 1) 

”1“ gSteii, + x » 


the number of ions produced during the time i s is gt % , hence i 
the current to the electroscope is given by 


5f 


%T 


e 


7fc( € a*-i, _ 1 ) 

" € «te* l+ 1 



( 1 ). 


Now let 1 be the saturation current qe, then putting 2 Ttat x 
kPu, equation (1) may be written 


iT 


2 Tti e* — 1 
~ x «*+ 1 


+ 


x; 


or if £ a = yT, 

i — yl 2 
(3 -y)I ma xe"+i‘ 

From this equation, if we measure i, I and y, we can determine x; 
from the value of I we deduce the value of q, and then since 
x — 2t,Vga we can determine a. 

When the sector rotates so slowly that the ionisation has 


X RDnaelin, Phya. Ztits, tx. j>. 667, 1008; Ann, tier Phya xlui p. 821, 1014. 
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f till** to m’ll'fl it htnadv ot.iti* } «**f» ii •• tin* .IT (i|, tT m;' potffili.il irt 
itpplh'd a, and Jiffift* 

/" 7 ‘ 

\ t 7 i t yl ) 

/f/i/lllt //<( tlU’ht ttrlt II t(i 

Tin* valinvi of « iotutii Itv Itiitiiflhi. v. K«* ion' •»«* 1 tin* *i, i-i'j l*v 
«-rays in noun* i'ii-'Im and h\ /J r,t\ in utb»*i , d»*p**jMl**d to ,t l.irvn 
f‘Xti*ut. on tin* nit** of rotation of th»< m tor. 'f *!«•• \.*tu«** of »r 
wlu*t» T wa*i of n M>»*ottd iO'n* innu* l« tom* tboo* *<& h»*n V 
wa« il Kfrouds. TIim iiuHratfi that tin* rat«* of rffoiuhinjition 
whan fin* ions an* i«r , »1 fot un*d i.. laindi nr»Mf**r than v. In*n tln*y 
an* oldnr. This i*flf«*i*t i: . al.'o ♦*! I ti..t»i.'d in tin* i.w* of ton', ...timi 
by X rays jus in shown in tin* run.'*>. 'in** to Plimpton 1 . *a t*i< *tf 
ri*pn\st*nt, tin* valttiM of it at dith-ivm Jut ** r vnl.. nftni ,t *».*,, j< >d h<*nu 
ioniand i»\* u flash of X ray.*. 

In thaw ourvon * is plottnd aiMin.'t / ,,*,.1 tin* . /».y» of t|n< .-,irvi* 

#tV»‘H l'. 

Thi« 1 ‘ITtv't would in* nhowti hy a ;;.i„ in whu*h fl»* ioni ation 
in not uniform; if tin* ioiibition in -id** n «lo.-'.d w .*i wan* 
i , oiK*ni»tru{nd in a hpu**** «« , <*upyitH f onlv a .-mall fontuMi oj tli>* 
volutin* of tin* v»*«ai*l, tin* imn would i<*i*tiiiihti<** uuudi imoi** r,*pid!\ 
than if fin* h»jiu* tmiub**r of ion* w»*ti* nnifoimU* di'ttihutfd 
throughout tint v»*hhi* 1 . 

From aquation {.’») w«* lntv«» 

<hi a,, 8 ** 

tit {1 * tt* <*)* * 

Li t. .V hit tin* number of ions in tin* vea-a*! at tin* ttim* /, ,V„ tin* 
number wlu*u l * it, thru if V is tin* volutin* through *hi«*h tin* 
iotw an* distributed *V at' mid X„ «„!*, at id tin* pr«i*»*dmi' 
equation becomes 

»T JJ <t 

(IX 4> *' V 

•* (l ■, -yf 

X Plimptua, Phil. Mug, vi. lifi, JJ. I«i, 1*113. 
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in the earlier stages when N^ottjV is small 
we have 


<LN 

it 



compared with unity 



Thus for the same amount of ionisation the rate of recombina- 
tion varies inversely as the volume through which the ions are 
distributed, so that if initially the ionisation were confined to a 
small fraction of the volume of the gas the rate of recombination 



i*iti>i'j irm:s nr v o v* 


ft. VI 


2 H 

would be much hucer than if the ;r<* * w**i,' uniloimh’ ionised. 
If f Ik* ions itre local i-,ed to I »*** »i it with th**,' v t f I vi.idu.dlv diiYa.-e 
and t he distribution will become much im»io urtthum .md tic* r.iti* 
of recombination will dimini It 

When u ‘.mu is ionic ed hy %t or ft my* f I*»* i»*m .> lion 5 , at m,,,! 
confined to the truck* of fin*.** r.iv.» and ><»• ,i pu out* .< . in, ill 
fraction of the volutin* of tin* *r.i \ and Y. it UM on’, photo, 

graphs show that, this r< «I. o true v«h»*n *}<<• •' i n bmi-ed h\ 
X rays; with these io»i,,ers \e* f-hould thejefoie «•*>.}(< it the 
initial rate of ri*eoiuhitiittinn to he notch **re.(jcj than fb.it .,fo*r 
the ions hud luot lino* to «ii tTti,*. *■ and *,*>• t unh’oimle di ♦lihnto.j. 
The greater tin* rimo'itt ration of the hue. tie o»»*.*tcr h«.»tM he 
the difference between the initial and filed %.do« ■ of e, mef it 
would Mci‘m that hy th** study »*f t |*S *. diilereie** *. *r different 
ioniser*, vueli an « rays and cathode r.i>.* with didejenr \i.hK-Ubv.. 
we mijrld tr**t .one* inch/ht into the iitemir. «• i moi -jthn. .donir 
tin* paths «*f lhe.*e m\s. 

Tin* ra|(id recombination of ;,».».**/ mimed in robin. i... hv e »»i 
ft ray« makes them much more difficult to at unit e“ than »m *v 
which are uniformly ionised throutrijonf their volume. 
and Kleeman* observed that if was tain h more ditlUuiit to 
k;i t urate pit ecn ionised hy mr»y* than thorn* ioi.i, e«J Is X i«\-. 
Moulin* explained this hy tie* rapid reeomhhnirmn of tic* ion* 
due to the columnar ioubutiou; he i-howed too that tic* pm. h 
much mure easily fattu rated when tie* elec* tic fo«>*e i iimi,.*, cj »• 
to tin* paths of the lays than when if act alon;* tu>*u». a remit 
which evidently would follow from the columnar nun , -item The 
difference between the tratu.venic and loicutudmu! / atuiatii,*! 
electric fields was nmeh more marked «» hb*h pjc; ,uj*' rhau of 
low und wit It air and carbonic acid jw.» then with ir.doo'.m 
indeed, with this jms it was hardly p(*reeptih)e. ft \> i»!,-o hwper 
when the pas is ionised hv mruy* than hy ft i*»y... end dJ,*>»ppesj* d 
when the «u« wus ionised f,v X*r«;.*\ Thin h what ve .deadd 
export; for althouyh, as Wil.-ou’s piioto*/r,iph^ how. the j mu *tion 
when a ;mk i*» exposed to X rays i.i d»ie to o*irid«t r ft oy , 
they also show* that f h**se /2-rays are emitted in all dure* ion*. >»» 

X Unit's* .owl Kleeman, Ph !L .\ftrg, \ i. II, j*. Min, I :**«,. 

* Moulin. Ann. rl*r Phy*. xvii. ji. an, inn. 
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that no direction could be regarded as transverse rather than as 
longitudinal to the paths of these rays. 

15*2. IV. Comparison of the number of Ions at any time 
with the saturation current. Consider a vessel in which q ions 
are being produced per unit volume per second : the total number of 
ions produced per second is lqd/o, where dv is an element of volume 
and the integration is extended throughout the vessel; this integral 
can be determined by measuring the saturation current I through 
the vessel, since I -= ejqdv, where e is the charge on an ion 

When the ionisation has got into a steady state, if a is the 
number of positive or negative ions per unit volume where the 
ionisation is q and if there is no loss of ions by diffusion to the 
sides of the vessel. 



and the total number of positive or negative ions in the vessel is 

If wo apply to the vessel an exceedingly strong eleotric field 
for a short time we shall drive to the sides of the vessel all the 
ions present at that time; if Q is the obargo carried by these ions. 



If q is constant throughout the vessel and V the volume of 
the vessel we see that 

« 

an equation by which we may determine a. 

It is very important to notice that the use of this formula 
will give too high values for a unless q is constant throughout 
the volume. For suppose q had the constant value q x throughout 
the volume v x and q% throughout v % , where v t + v 2 — V, then 

/ — e foft i + ?a*a), 

Q *■ + ?a^ v a)» 

I a q x v x + q z v t * 
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;u> 

illltl 


{ 1 . 1-2 


Q* Vs ' J' 

VI 4 * N/jf’i Va' jM' i ' •> 

' ,; t 'vVvr 1 

'' ’ ('l '\o'V<'l V,:*’.'* 

TJmh iinhve*. #/, */ 8 . n i;- !".• th.jji th** who* n bv 

r\'f 

" O' * 


This of a want of ituifnintit « in th>* i.e.i, atr*.n i of 

ctom-Merable iuipntf .met* in 1 1t** * I**r «'i f i, n*-t t •• »x* of »!;*• «•* •••f*!* of 
recombination. l*'or tin- ift« *i*I«-«****» of tin* X ray . o* other rav. 
UMi*d to ionr.-e tin* ’ju : J . on tin* of tin* v»o **5 lonfainin;' tin* 

I'as «ivet* rim* to ..oronflarv m.v- whirl# a?. ** io»,i. #> tj,.* . anil 

whteh being more i*uailv al».**oili»*ii than th** t»oM*‘t.t #,# . , main* 
tin* ioiUHiition in*ti r th** wall, of tin* *.»*,• i*J •*je,.tvi than in tin* 
interior. Tin* m.noiif mb* of tin #*ft»*oT wil) r)«p«*mi : 

!. On fin* mutoriai of which th** \e ■.’#•! i*« i,». '.In, 


y. On tin* :*i xi* of fin* v#“'*e|: th** iuipni’.H." #< of th#* # ,rt 'i*#*t *.<■ 
(Ufmtf**r for miuiII vi* than for hire* on#' 


0. On fin* nature mol pro-ure of th#* #*,. < in *f,<* 1 * tin* 

effect tend* to h«* fir mi tv at u low pno.-ur** than at a hurlnr on#* 

This method has h«*#*n u«#*d hy Mt'lmi** 1 3 , Hej.dren 4 , .mil 

KrikxonS, 

15*3. V. Grfts current from ionisation vessel, \n#»th#*r 
method which mi^ht f»t* tin#**! ]< tin* following. 

Nuppoae w#* ionise th** gas in a vev«*I who. •* volume i.v I*, and 
through which a stream of tin* im.. is kept llnwint*, th** «».*■• before 
entering the v#*ss#*l lining can-ftilly sen *ened fo.ro ioi#i, at ion. L«»t 
oj cubic cent i met rea of gas pans through tin* *»♦•««!*! p**r ,«#*eond. 
then if there are « positive and m negativ*# ions in #<««*b ••nhie 
centimetre of gas in tin* vexonl. tin* number of #*ith#*r #»f the n* ion.* 
earned out by the a fmun per «ee»#nd i-* cm; fi**»n«' if tin* iom.4u" 
agent produces q ions per cubic centimetre w#* Imre 

I ihi .. * * ,, 

/. »#/*■! an* (on, 


I M*'< .luny, Phd Mmj, vi. :t, j>. ami. m»ig, 

* ii<*inlr»*n, /in, at. {.. Ill I, l*#o.'i. 

3 Krik-en, /'Ay*. Jit r. x vtu. |«##i% 
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or when things have reached a steady state 

Van 2 -f- cow = Vq. 

If Wj is the number when the velocity of the stream is at] 

Van x 2 + oi x n x =Vq, 

hence Va (w x a — w a ) — con — co^ , 


or 


COTl — 0)^1 

“ ” F"(w? - n?) • 


If e is the charge on an ion, Ven^ and Ven can be determined 
by applying to the vessel for a short time an electromotive force 
strong enough to drive in that time all the ions of one sign to 
the sides of the vessel. Or if the gas on its escape from the vessel 
passes through a tube connected with an electrometer, the satura- 
tion current sent to the electrometer when a large difference of 
potential is maintained between the tube and a wire along its 
axis will give coen and o^ew,. 


A modification of this method is to measure the whole number 
of ions sent through the outlet tube after the ionising agent has 
been stopped. This number is equal to 



but after the rays are stopped 

dn 


CO 


dt =- an *-v n > 


so that 


< 07 % 


dn 

-“di 


(171 + 


CO 

T 


and therefore / con dt=~ log 1 
Jo a 


co 




CO 

aV 


where n 0 is the value of n when the ionising agent is stopped, and 
can be found by measuring the saturation current in the outlet 
tube while the ionising agent is in action. 

Knowing the value of n 0 we can by a graphical method find 
the value of a. 
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15-4. VI. Determination of a by measuring the current 
through an ionised gas, TL** n •*M,..i| ir v \ „ j, t >„. t ,j Wfip _ 

lllin.'lf iflll.i of i< ***!»• Ili.lilf I.', *1 h« * . «. .1 <] f; I*f t lf! { ,|„J 

ri'tjuin* ;i Know Jrfh'** ol M.«* vi'lim'', ■ - 1 , j,,r «j». j.., ,. t f j t . 

fojvt**, Mm : .t v.» Ii-.IJ or. ; , .soj*oi ) j. ,t„j | f,» fj„. 

Illl'ft f,t*t 4 ( \. t..\ I .' 1 I Ml », • .» II *; ; f * ( *},, 

n>>uuii\f ii>n ; i*' |*»*< I i \ • tt|i«*r* ir,i i • r * * f * i .. •«,,} f , 

tln*n it »}n*r«* an* /« j».i i T i *. i * < !..i, j» ( m ,*t 

• *l tin* / tin* **l»**uti* ^•nrl••u , * i ; t • n ( i |, v 

tii*> ''<jiwitioii 

* V • 

wln*r** *; i ' tl»'* rb«i«*>«* on .*!» mj*. 


W h**» fin olontrin i- im *'».*' Mcon*-!* Mn» «.| 

♦ In* ions i»r«* »*•! tlmnioh b»*i*,o il'j.o*- .•,* .j.j tj„. 

!<t‘ ion.- arc »*.»‘Ji .t‘oon<I » m,,* j» tjn«* ,(»*•,> »*! 

I, In* <*b*»*t ,ifnl t > » ** >oj- i '".on » f j.. t ot t if 

jsHifivf* ••Imt r« «b* ; Io*n**»* a)m*ii ».*;»»• tin into •..<* 

Iiitv«* wh»*n ! »-• f Im* «'i»rr»'jit Hirowit «u»jt :o<, <■ „ 


I 


, iff 

•ft 


l y r«'/o 


I* 


where I* is tin* volutin* of y.u !»•*♦ w**“t> ?!•«• j tt„, 

iir«*u of an **l#»«*t r» »* l*». \VJn*u Miiin'i *Uf‘ 111 i » *!»**»! v , i//« ♦// m 
amt t hf*r«‘frirn 


If / is tin* rli't.MO'** between tin* •<loi|r,**|.* , J T f / 
rlitiunafitit? n l»y no'.-m-. of iij v.»- 

f'f* / 

i * (A- t ; /*..;« »/ 

if / i*» tho valto* <tf i wIimi Mo* nur^iil i:* 
oijuntinn flf) moy In* writ ton 

n tf - /» »/-, 5 " .V s * 

r* w > :s i* 

Tn tlim Jnvorttiyation wo lotvt* a,-mn»*d tlo*t .V, fl»* t*l»*t*tiit 
form*, is constant between thf* t*itftro«b* .. In roi lM Mjtji'io t* of tin* 
* 4. J. TlwiiHffa at«l K. Kmh»-rfor<I, /V-«7, v. ft, ssi, t s'xi. 
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accumulation of the ions arising from their motion in the electric 
field (see Chapter IV), X 'will not fulfil this condition except in 
two cases: (1) when % is small compared with I, when (3) may he 
written 

a _I 

e ~ z* l 

and (2) when i is nearly equal to I, when (3) becomes 

a _l-i(k * + & a )» X* 

el* l 

In this case Riecke 1 and Mie 2 have shown that a closer 
approximation is given by the equation 

a I-tfa + kJ'X* f, 11-i) 

e~ z* l t 5 ~T~y 

16*1. VII. Langevin's Method.. The principle of this method, 
which is due to Langevin3, is as follows. Suppose that A and B 
are two parallel plates Immersed in 
a gas, let a slab of the gas bounded 
by the parallel planes a, b be ionised 
by an instantaneous flash of X-rays. 

Let there be an electric force between 
the plates, then all the positive ions 
produced by the rays would be at- 
tracted to the negative plate and all 
the negative ions to the positive plate, 
and if the field were infinitely strong 7> 

they would reach these plates before they had time to recombine, 
so that each plate would receive N 0 ions, if tlie flash of X-rays 
produced N a positive and N 0 negative ions. With weaker 
fields the number of ions received by the plates will be less, as 
some of these will recombine before they can reach the plates. 
To find the number in this case we proceed as follows. In 
consequence of the movements of the ions under the electric field 
the slab of ionised gas will broaden out and will consist of three 

x Riocke, Ann. dear Phya. xiz. p. 814, 1903. 

2 Mie, Ann der Phya , . xui. p 857, 1904. 

3 Langovm, Comptes Itendua, oxxadv. p. 533, 1902. 
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jairtiouH, «*» th«* .■'*«!»* **1 th* 1 »*••/« ti\»* j«!.*t*> in v bieh ih**ie are 
nothing but. positive mu* , a ini.I.lle p****.*u, • m v, f; «»*ii # Ii*-*r #* art* 
both positive ami negative ion., nn*J a p«..*tj..n *«n »;*>• ei** ,*f the 
punitive pl.tt** in whi* it t her** er»* ou’v re-sun.* ***n . it /» i* tin* 
uumin‘r **l ion*, per unit voIium* in th** tneMb* it',*** <•» t to* time/. 


*//* 

i/t 


*:/'•* or /* 


".* 

*•/• / ’ 


wln*r*‘ /*„ is On* value of ti when / »t. .N** i*** ouihiuntinn mourn 

in tint outer portion i, *o that till tit** »••»*.■ in the*** ptti'Uon.* will 
roach thn plate to »ihi**h they ar** neat*- t. 


In tint tiun* til tin* bitsultb of **.1**11 <*f tin* ou»**r m\**i.- nil} 
iiM*r**iii<«* by .V (/* | ! A*.,)*//, v.b**r«* .V i:> tin* *•}«**•{ •!*■ for**** iir-two.*n 
this plat**", aii*! f,\ ainl /*j th«* yeiui*i*t*' . **f i !*** p**. i -r i ■-» * un*! n**',r,*»ivn 
ions umlei unit electric tore**; *ln* tm tuber *»t ne-Mfu e ion < a*|«le*I 
|4> flu* layer n**it tie* po.iiii*. »• plot** met **f p.* itiv** ion- t** t he 
layer n**st flu* uegul ive pint** in the* tine* i*. ih**jemie 

«.v <*, /.,j * 


Tint outer biyern will coutinm* »•» i*v»*ive fie,..|| u*n iitnii the 
luiihih* layer iH.iuppe.tiH. which it will *b* aftei a t-iie* ? if., h. j, 
l lasing the. bremith of the alab oh. fl«*iice X <Je* of 

negative and nlno of pm, itive iom which e.e.ipe j* cntahii; *t ton 
anil mich their respective plate,* in e*juel t«* 


/, 


t x « (A** ) » t \ (fc i * * A\. i i f | , $%4f$ 

MV' '* - * v .V f. A \. 


Let. «/ i ttc {k x j /t a ) ■ «*, awl a,, 1 * (|/ H> tf«h, »'* the ehatge **n tint 

wliolo of tint positive or negative ionn pimluced In tb*. my**, 
r being the charge on an ion, then if (J ie the elm rye i*r»«.ve*l 
by ono of file platen w** have 


fjl * AV 


X 

•lrrt 


log 1^1 


</• *w» , 

A ' 


Hi. 


If Qx w tint charge receive* l by either plate when the eh*»*tiie 
force itt X t 

“ *f7r« log ( 5 ^Y, - f Vli ' 

From otjuaiioiw (I) ainl ( 2 ) we cun eliminate Q u ami lieteriuim* c. 
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Bloch has shown that similar equations apply to the case 
when ionised gas is slowly sucked through a long tube and the 
ions driven to the sides of the tube by a radial eleotrio field. 

17*1. On the effect of* pressure *on the coefficient of 
recombination. There is a considerable am ount of discrepancy 
in the results obtained by different physicists who have investi- 
gated this question. Langevin *, who was the first to attack this 
question and who used the method just described, found the 
following relative values for a at different pressures for air and 
carbonic acid gas: 


Air 

s 

as 

Pressure m 


Pressure in 


mm, of Hg 

CL 

mm. of Hg 

CL 

152 

•05 

135 

-05 

375 

•32 

357 

-27 

760 

•27 

55 0 

-37 

3550 

•31 

758 

-51 

2320 

26 

1560 

-47 

3800 

i 

•18 

2380 

-33 


These results show at low pressures a striking diminution in 
the value of a with the pressure, and in each case also there is 
a certain pressure at which a is a maximum, and a seems to 
diminish pretty rapidly after passing this pressure. 

M°Clung 2 > who used Method I, found but little variation 
in a when the pressure was raised from £ to 5 atmospheres; it is 
probable however that his results at low pressures are too large, 
as with his arrangement there might be considerable loss of ions 
by diffusion at the lower pressures, at the higher pressures 
diffusion would not be so important. Plimpton found that a 
diminis hed with decreasing pressure below atmospheric. 

Hendren3, who used Method I, found a considerable diminu- 
tion of a with pressure at pressures less than 1 atmosphere, though 

x Langevxo, Gomptes Bendna, oxxxvii- p 177, 1902. 

a M“Cluag, PM. Mag. vi. 8, p. 288, 1902. 

3 Hendren, PhynuA Review, 1906. 
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ally in Fig. *. It will hi* ««•»*« that for jir«vr.ut»‘.- u)i to about an 
atmoKjdtcre « ih h linear fit art ion of tin* |»r»vHiiri*. For t to**** ya-.iv, 
above atinortyherio proHKiirr tin* rat** of innr.tsi* with th«* ju.. :j*»r** 
according to Jauigcvhi’a experiment* diiiditt'dir-., t* imi'in-i a 
maximum at a certain |ir<*a»ur<* and thru dtatiitiJn^ a >» tin* j*r"fv-uii* 
increases. iirik«o «3 found that « for air at 200 wa* about 

s Tliiryi, 1‘trK, Huy. AV, luuiii. ft. 177. 

2 VVrlhiHi, Phil. Trim*. A, 2 * flf, ft, - IS*. VM i*, 

3 KnlcMiti, /'%*. Hi r. xmii, jt. 472, |{*oh, 
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18 * 1 . E fleet of temperature on the rate of recombina- 
tion. Tilt* reiatji.ii lirt «>, •■■■»! r .jjjii Mi** ten. h.i. 

irive,«!ijflifed l».v Kril.veui *. ;Ueo »..«••{ M **t !/*♦<! 1, f* it air, imj hoiue 
arid and liyelruyeu at r*nj«.->t.ifjt den ■!» .* when l.v *t 
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F« *. 5 *. 

tayn, and for air »f. eini*t,jid jit*> ■ ur»* 1014: i*.| h*. \ » ■ hy 
who tiKi'ii I at aye v in** method, 'J h»*.,. »e u't t ate tepje. 
wit ted jrraphmdly in f*'iy. *.♦. Htr. in i*. tin* »»•?*}.), obtained J t y 
plotting Iti^o a twite 1 i tit* ft, where ff 5 ^ t m»- . h'*,h,*,» te>n|wt.jtnie. 
It will la* notieed tiiat for all tin* ya.*e,, t}>#» whte «»f ,t *vh»*tt the 
density i.t e'oiMtant i* orepfer at low leiojwr time . than et Jonh. 
Th« ahape of 1 ho cut ve.« i, different }».r f f.« 4 iitiirr<‘n' ya .*\ . hat 
from Hijj. lo wo wo that over tlje whole i.naye »if ten«j‘**f,>i»ueH 
examined the value of 1: for level re lyej. «*a« f«»* tepje enfnj hv 
formula of tll« type* ft ('tf ”, when* <* ia a eon; TnM, at, el although 

X Krik««n, Mil May. vi. IK p. l'.eew; SI. |». 7*7, IMlif. 
a Philhpee, /W. /Ciy. *’«• A, Nfaiii, p. ISM, tl»Ue. 
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this is not true for air and carbonic aoid at temperatures much 
below 0° 0., at the higher temperatures an equation of this kind 
represents with fair accuracy the value of a. The failure of this 
law at the lower temperatures may possibly be due to the formation 
of more complex ions at these temperatures. Erikson’s experi- 
ments make n = 2*5, 2*4, 2*2 for air, carbonic add and hydrogen 



respectively; these do not differ mnoh from while Phillips’ 
value of n for air is 2*2. Thus according to Erikson a varies 

as 0 ~ over a considerable range of temperature for air, carbonic 
add and hydrogen, while Phillips’ experiments indicate that a 
varies as 6~*’ a for air at constant pressure. 


18*2. Table of values of a. The following table contains the 
values of a/e at atmospheric pressure and 0° C. for the gases for 
which it has been determined : 
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Bloch* has shov,n that r > for th* i*>n> j«tn ah h 

passed ov(*r phonplioru* L- between i ,.»d »■, * and \ lt >, «j,. r 

BijH have obtained value- of •',» for the ions prodM' m] }u 
insulathi;.' Ih|tiids by raw. {torn ra«ll i< i< : |«« i liquid hexane 
van df-r liijl finds e V 

19*1. Theory of recombination of ion*. HfeomhinatiMti 
of ions taken plant when a f#***- if ivr* and 4 u** *j*t *•*. ** ion iv* 4 -*»» i u.«J 
so as to form a neutral ry.item. aud »«*•.* »t * ,,1 tj 4 ,. MM-Him-nt 
of recombination gh‘<’ fin* rat** at which th«,-c ,.v*teu‘, an- fnim>“). 
Ncutrul systems may uri.-e bom eharsred ion* in *o,. r , t j h,jv*. t d,»* 
the ettsit for example when tin* jan.itivc h<n 5‘ an atom which Jan 
Ionian electron anti whan* (fin negative ion- «*•« «*!•*» 1n»* 

two kinds of ions might form a neutral "in: 

(1) by the fleet mu going bark into the atom: 

(2) by the electron dc -'cubing a elmed otbil of mail t.nJiu,* 

round tin* jKisitive. ion, 

Kor the first kind of combination to ink* plat «* it h. nece * , arv 
for the negative ton to strike again,- 1 the pruttitf, while foi the 
X Hi'lwlun-ky, Ann. ii>r t*ki 1. \t-». p. Jit», t 
3 HUnh, Ann. th V/iutro it ti> /V, 1/ ,, \ni. |, |i, |, p»( Ci, 

3 Jaffv, Anti. Atr My*. umii. |*. I7!i, into, 

4 van <l»*r Bijl, Ann. ihf uuv p. 4 7‘ * lltli. 
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second kind this condition is not necessary but others have to be 
satisfied. This uncertainty as to the nature of the recombination 
is one of the difficulties in the way of finding an expression for 
the rate at which recombination takes place; another difficulty is 
that the theory depends on the nature of a collision between 
molecules, and therefore on the nature of the intermolecular 
forces, and as this is still one of the obsoure points in the Kinetic 
Theory of Gases the treatment of the recombination of ions must 
be somewhat tentative. 

Let us first consider the number of collisions per second which 
occur between the positive and the negative ions ; it is clear that 
in consequence of the attraction between the electric charges this 
number will be greater than for uncharged bodies of the same 
shape and size as the ions — how much greater this must be is 
shown by the fact that the number of recombinations between 
n positive and n negative ions per o.c. m a second is for air 

1*6 x 10 -8 » a , 

while the number of collisions in the same time between 2 n 
molecules of air is only 

4 x 10-“ w a , 

which is only about of the number of recombinations 

between the ions. 

We can find an expression for the efEect of the attraction 
between the charges on the chance of a collision in the following 
way: we shall first take the case when the motion of the ions is 
not interfered with by collision with the molecules of the gas in 
which the ions are produced. 

Consider two bodies A and B attracting or repelling each 
other radially in such a way that the attraction between them 
when they are separated by a distance r is F (r). The centre of 
gravity G of A and B will move uniformly along a straight line. 
We shall discuss the motion of A or B round G. If m a are 
the masses of A and B respectively, and if AB = r. 


BG 


r 

mj, +• m, * 


AG 


Wj + m % 


r. 


Let us now consider the motion of B round G: the radial 
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The number of collisions between two systems A and B is 
proportional to b*, hence the eileot of the mutual forces is to 
increase the number of collisions in the proportion of 

i. 

If there were no forces between the bodies the number of 
collisions per c.c. per second between molecules of the types A 
and B is by the Kinetic Theory of Gases equal to 

4 (it 8 + « a )^, 

where n lr n % arc the numbers of molecules of A and B respectively 
in unit volume, and 

^ mjjU® = 2*02 x 10 _M x 9 , 
where 9 is the absolute temperature. 

It is convenient to express this energy as that acquired by 
the fall of the charge e on an ion through a certain difference of 
potential; at 0° 0. this difference is ^ of a volt. 

If F (r) represents the force between two ions due to their 
charges 

F (r) = and 6* - a® (l + 2 ^ + -J^ i®) . 

' 7 r* \ crj 

Thus the number of collisions between oppositely charged ions 
is in this case 

4 (- -h «-)» (l + 2 g) -(3), 

since the mean value of Z7* is u* + « a . 

If each collision results in recombination 

« “ 4 VW * + *>* ( J + 3 5) ’ ‘ ’ (4) ’ 

Now c 2 /cr is the work required to separate the ions; and putting 
e = 4*77 x 10” 10 and a — 2*95 x 10 -8 , the diameter of a molecule 
of nitrogen, e*jo — e (4*8 volts). If — = »i 9 

»»i + Mg ^ 1 ^ 1_ 

miM a (u* 4- V s ) “ mw a 


at 0° 0. 


e (*0G9 volts) 

Thus the term 2 — is in this case about 340, hence 

(»* + v*) a 
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pressure, hence if th«* preceding them*.* i* Mu** *!««■ i/e »ij th** ion 
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20*1. Effect on a of collisions with the fffti molecules. 

The collision theory of recoin hinat ion i< how»w**i tut ati .factory t»« 
otfier grounds: we have no reason to nuppo e th.it recotnianatiiitt 
Hhoiild necessarily accompany collision, if th** ion* won* elastic 
spheres they might rebound and separate with great ve!m*itv; 
thus the condition that a collision should occur i* nut ('iitiicienf 
for recombination, neither is it necessary, for we might Mippo.»e 
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that one ion described an orbit round the other so that the two 
formed a neutral system without coming into collision. 

Let us now find the condition that an ion B should, after 
making a collision with one of the molecules of the gas, proceed 
to desonbe a closed orbit round an ion A of the opposite sign. 
We shall suppose as before that just after the collision the kinetic 
energy of the B ion is equal to the mean kinetic energy of a 
molecule at the temperature of the gas. If M lt M 2 are the masses 
of an A and a B ion respectively, then if B makes a collision 
at a distance r from A, the ions will describe closed orbits round 
each other if r is less than the value b given by the equation 


1 M x M 2 


r V* 


■( 1 ). 


2 Mi + M 2 b 

y being the relative velocity of the ions and the force between 
them being supposed to bo due entirely to their electric charges. 

The mean value of V s is u 2 + v 2 , where u and v are respectively 
the mean velocities of the A and B ions ; since 
IMiU 2 ~ IM& 2 ~ £6, 
where jS — 2*02 x 10 -16 , 




so that equation (1) becomes 




thus b is inversely proportional to the absolute temperature and 
at 0° 0. = 4*1 x 10~ e cm. 

To fin d an expression for the number of recombinations 
between an A ion and a B ion we proceed as follows. 

We first find the chance that a B ion which approaches within 
a distance b from A should make a collision with a molecule of 
the gas within this distance. 

The chance that the B ion should be at a distance between 
p p 4- dp from a hno drawn through A parallel to the relative 
velocity of the two ions is 2pdp/b 2 . The length of path described 
by the ion inside the sphere of radius b is 2 Vb 2 —p 2 , and the 
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tin* pri'Mitr** of tin- }>.tH and thu< lo- hinalJet at high v „ i|,, tn 
at low. At hiji-h pressures thin expn*,d„,n piv«* wtod m'ieeu,cnt 
with olw'-ryaftmi. W** should expect that j, * AlI „],| r , | 
representation of it at hit'll pnvMire than at J, <v , f,„ ;, x 

validity depend* nun mu "flier thii.tr,. "t, Mt.*' ,, 

thstam-f Alt lurpe luouah to make tin- e|..,tiir. .'ttt.„ tio u h„t 
tilt* ion* so s trial I that the tel* .Hit h t,, 

(flit* lituhititr fori-o will iu,T«*a ,»• with the j<t<- awl w-t tiof 
a<; In ry** that tht-r- is aiiv ilantfi "f A m /f 
oiHtau/v of oJIot loin in th«‘ir jotitwy to ward . ♦.« h 


80*15. The effect of a charge of electricity on the free 
path of an ion. Iti order to ' otnp.tr'. fh-< >*%p.Tim.*ot;d udiK-M 
of tt with thow found ou our theory, it i we*. ,,»iv to fuvl « v 
premdmiH for A, nod A s . Thi.« «-nu la. done ,tn foU„w<. 

If M lt M t arc tin* masttes of t wo coliidiny p.irti'-l'-n, tin- trancf -r 
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of kinetio energy from one to the other produced by a collision 
is, omitting terms which average out when a mean is taken. 


±M X M Z 
{M x + M z )* 


T sin a 0. 


where 20 is the angle through which the relative velocity of the 
particles is turned by the collision, 237 is the product of the 
momentum of the system, the relative velocity of the particles, 
and the cosine of the angle between these vectors. If either of 
the particles is at rest, T is thus the kinetio energy of the other; 
if the masses are equal, T is the difference between the kinetic 
energies of the two particles. 


If one of the particles carries an electric charge and the other 
is an uncharged molecule, the deflection 26 will be due to the 
attraction exerted by the charge on the molecule. This will be 
similar in character to that between an electric charge and an 
uncharged metal sphere, which varies inversely as the fifth power 
of the distance between the charge and the sphere, provided this 
distance is considerable in comparison with the radius of the 
sphere. "We shall proceed to calculate the value of 6 on the 
supposition that the law of force between the charged ion and 
the uncharged molecule is expressed by Ku 5 , where u = 1/AB, 
AB being the distance between the ion and the molecule. With 
this law of force the equation of the orbit of the molecule relative 
to the ion is 

d 2 u Ku s 

dd* + u w , 


where 


h* 


V z p a 


M x M a _ 
M x 4 - M z ’ 


where V is the initial velocity of B relative to A, and p the per- 
pendicular from A on V. 


Integrating this equation, we have 




where M is written for M X M^(M X + 2kf a ), 



Ku* 

2h* 


— + 


MP 

h* 


(5). 


TOE 


4 
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I »- 1 


Tho apsidal distances an* found by c«|u:itiug th** right hand 
side of this expression to zero; they nr** tin* root- oi rh** eijuation 


u* - 

for these roots to be real 


aj/r-y 


//- 


2.1/ r*» 

K 


M. 


d«): 


/;« ^ 'IK, M V*. 


ifor values of p less than this then* will l*<* no .tp> id.d distances; 
the bodies will come together and collide. It tin* e*»lb. ion** an* 
like direct collisions between elastic* /pie* re*, th** jel.it iv*.* velnritv 
will bo reversed by tins collision and the bodies will retrace their 
paths. In this ease the relative velocity will b>* an, titered in 
magnitude and reversed in direction hy the collision, so that tl 
will be -rrf'2 and sin 0 unity. 

Tho energy lost by an ion at these collision.- it f h**r«*f**r** 

4.1/ M. 

(M, • .l/ 8 )» / ' 

If there are N molecules p or unit volume, the number o| odlieiona 
made by an ion per unit length of path for which /* i- between 
p and p 1- dp is '2rrNp rip, so that the lo-s of eneryc *Jn** to the 
collisions whore the ion is drawn into th** nioleeuh* i„ 


4 M t M t (<*k 

+ \» 0 


M » '(* 

2rr.Vptfp 


. M~r'r 4.1/j.l/j, / 2A .1 

(,!/, ; J/t^U/rv * 

There is also a certain amount of energy Inst in th«* collisions 
whore p is greater than {2KjM V *)* ; in this c*i,;*«* the ion i* deflected 
without being drawn into the molecule. It can be* show'* that 
this loss amounts to about 10 per cent, of th** hiss, we have just 
considered, so that the total loss of energy j»»r unit path is 


4-4 NttT 



"We may regard the reciprocal of the coefficient of 7* as a measure 
of the energy free path of the ion: for calling this iiuarwitv A, 
we have, in the distance Sx, 


ST 


T 


Sx 
A * 


x J. J. Thomson, Phil. Mag. xlvii. p. 337, I tail. 
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If the ions were uncharged and if the collisions between, them and 
the molecules were like those between elastic spheres, then if s is the 
sum of the radii of two spheres, p the perpendicular from the 
centre of one on the velocity relative to it of the other. 


sm J 


e = i-K 


and 


J sin a 6 NZirpdp = %N7rs*; 


so that if A' is the energy free path for the uncharged ions 


so that 


1 n -at M X M Z s* 

A 7 ~ 2mN (M x + M z )* • 


' 1 


A ' 2-2(2K/s*MT z ) i ‘ 

Hence if the free path of the charged ion is to be much less than 
that of the uncharged one, 

K/s*.MV* 

must be considerable. 

How KJ^s 4, is the work required to separate a charged from 
an uncharged molecule with which it is in contact, and MV Z J2 the 
mean energy due to thermal agitation; thus for the free path for 
the charged ion to be much less than that for the uncharged one, 
the energy required to separate a charged from an uncharged 
molecule must be considerable, compared with the energy of a 
molecule due to thermal agitation. But from the Thermo- 
dynamics of Chemical Combination this is just the condition that 
aggregates of charged and uncharged molecules should be formed. 
Thus the two effects are inseparable; if the free path is shortened 
by the charges, then aggregates of charged and uncharged mole- 
cules must be formed, and when aggregates are formed the path 
must be shortened. 

20*2. Variation of a with, temperature. The expression 
for a at low pressures is 

4jt6* / I 


a 


3 


Q.+ftviv+u, 


2 

2 » 
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the quantities A,, X lieing given. an we see from tin- almi*, by 
expressions of the form 


4-1 AV 


i\r t M & ( 'IK < 


- \M i V * 


A ' 1 '“ >7r (.17, •• 

We can thus easily find the variation of < * with temperature if 
we are prepared to assume that, the emu pie xity of the imii remains 
unchanged. In this ease A varies as f, /.» . a i rl\ h 1 varies a-: 0 3 , 


and V <7j 8 -H 7/ 8 a varies as /?“. 


Thus « % arie.H h low pr*v tires. 


At high pressures a 7rb' i Vf' 1 i • ( /, whieh varie • a. n . 
The experimental resttlts at eon- t.int d««ii itv are it /. ft 
(Brikson); the, pressures were of the order of an at m<>.- pie-re whieh 
is in between the regions for whieh the shove formulae apply. 
While no exact agreement ran be el.ihued, the theory is at least 
not contradicted by the experiment .t. 


20*3. Value of K. We ran, follow i»;» b.inpev in. form .-otje* 
estimate of K from measurements of tie* refractive index of the 
gas. 

If the molecule of a gas wiem exposed to mi electrostatic 
force X develops an eleef.rosfat ie moment eijnal f«» m.V, the 
specific inductive capacity of the gas is equal to 

I i -ItrwA', 

where N is the number of the molecule.-* of the im * in a euhir e,-»ti» 
metre. In non-polar gases, the specific iuduetive rapacity is 
equal to /a 2 , where ft, is the refractive index of tie* tra ■; lienee 


The electric force to which the molecule i,. expo, «-d when jt i,j 
separated by a distance r from sit* ion it < S*\ the elect ro. tatie 
moment of the molecule is tints o>e// a , and the attraetiou bet Aeon 
it and the ion is 


hence 


(2<*>«/r a ) (e/r*) 1 Ufr»/r% 

K- 2(*<o >. 2 ‘* <f** ' 

4 wiV 


Now fiO, where 0 is the absolute temperature; thus 

C 2K 2c B {/.t 3 - I ) 

MV*"~ "4,-nXpo * 
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At 0° C. and 760 mm. pressure 

NpQ = 14-9 x 10® and e — 4-77 x 10-“; 


lienee at this temperature and pressure 

9 7T 

^ = 24x 10-*> Gu a - 1). 

The following table contains the values of (p 2 — 1) at 0° C. 
and 760 mm. for some of the commoner gases: 


Gas 

M *-l 

1 1V2K/MV* 

H* 

278 x 10~« 

2-9 x 10-“ 

O a 

544 x 10-® 

4*0 x 10-“ 

Arg. 

566 x 10-e 

4-1 x 10-“ 

CO 

668 x lO- 6 

4*4 x 10~“ 

CO* 

898 x It)- 6 

5*1 x 10-“ 

so* 

1320 x 10-« 

6*2 x 10-“ 


If the free path is determined by the charge on the ion 

- — 4-4JV7T MlMl ( V 
A ~ * iV7r + M 2 ) a \MV 2 ) ’ 

20*4. Numerical value of a. Since the quantities A 1; Aa 
refer to the frequency of collisions in which the excess energy of 
the ion is supposed destroyed, it is proper to use for their values 
the corresponding values of the energy free path as calculated 
above. 

Thus to apply this to oxygen; if the ion has the same mass as 
the molecule, i.e. if there is no aggregation M x = M 2 , and 

\-* w 1-1 

— 3*4 x 10 B , 

hence co]_ — co z = *80. 

This when substituted in equation (2), putting U L — 4*25 x 10 4 , 
gives 

a — 3*0 x 10 -6 , which is too large. 
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If tho ion has a mass equal to (wire that of .i mol. <• ul*-, th»*n 


•U/,.l/ a rf . 2', 

, r . . 5114*1 t 

(il/i ! A 


for this value of //, 


°h 0, i ' ' 1 


As tho ions have twice the insist flour velocity will he 1 \ 2 of the 
previous value, so that 

a 2-! in \ 


and is still larger than ThirhiH’s 

If the ion has three times the molecular m.o >. 

(it, I- , !/.,)» I ‘ A 

for this value o>i ta t *72. 

As tho ions have three times the muv of the molecule their 
velocity will be but ijs/'A of the average of that of the molecule, 
so that 

« 1*7 ' Hi «, 

which is the value found by Thirkiii. 

If the ion in hydrogen is a molecule of hydrogen we find by 
applying the preceding method that 

a 1*2 * 10 

which is far higher titan tho observed value. Pure hydrogen in 
however so little ionised by X rays that it v, probable that 
a large proportion of the ions wow* molecule, i of air. Since the 
mass of the oxygen molecule is sixteen times that of the hydroyen 
one, 

4iff.ll/A , r « ,i 

(M s -}- A/ 2 )a ‘ 25 approximately. 


so that 1/A for an oxygen molecule through hydrogen b only a 
quarter of that of a hydrogen molecule through hydrogen; if »H 
the ions were oxygen molecules this would make « W* . Hi « 
which is about right. 

The preceding investigation is bused on the assumption that 
the force between the ion and the molecule varies inversely as 
the fifth power of the distance between them ; this however will 
not be true unless this distance is large com parcel with the radii 
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of the molecule and ion. Thus though the law may he true when 
the distances are large and the forces weak, it will fn.il when the 
forces become large and the effects of the collision most pro- 
nounced. To find an accurate numerical value of A would require 
much greater knowledge of the forces between ions and mo lec u les 
than we possess. We can however without more detailed know- 
ledge of this law get some relation between different electrical 
properties of gases. 


20*5. Relation between recombination and mobility 
of ions. Thus we know that when there is no loss of energy in 
a collision between two masses M lt M 2 , the momentum pn.Ta.Hftl 
to x transferred from one to the other by the collision is, omitting 
some terms which average out when a mean is taken, 

2M t M 2 
M x + M 2 

Here 9 has the same meaning as before and m*, u z are the velocities 
of A and B respectively parallel to the avia of x. 

Hence if there are N molecules per unit volume, an ion in 
passing through a distance 8x will lose an amount of momentum 


( 1 ^ — Wa) sin 2 6 


equal to 


Sx X ~M^+M 2 f *** sin2 dd v- 

But from § 20*1 the loss of energy by the ion under the same 
conditions is A ,, a>r Ar . 

** * $£+£ T J *■* • to -* ed f- 

We have denoted this by 8x.T/X; hence with this definition, what- 
ever may be the law of force between the ion and the molecule, 
the loss of momentum by the ion in a distance 8x is 

1 (Hi + M 2 ) 

2 A 


(% — «a) Sx. 


If the ion under the action of an electrio force X has settled 
down so as to move with a constant velocity, this force must 
supply to the ion the momentum it loses by the collision; hence 
if St is the time taken by the ion to describe the distance 8a? and 
e is the charge on the ion 

1 (M t + M 2 ) 

2 A 


XeSt 


(«x — Wa) 
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Lot w„ be the mean value of tfr iff : then «.• have 

tie A 


" U 2 M, , J/ a //„ 

Wj — % is the average velocity of t ran. hit ion of f fi«* ion through 
the gas, and has been the Mibjeof of a great many experiments. 
IE («, ~ "a) - *X, k is ealleil the mobility of the ion: it i value for 
many gases is given on p. 1:10; hetiee lrotu (7) 


.V 


r&wj 


• (7). 


k 


A 




AI | ; 4 \I a »„ 

so that if wo know k and M t •, M £ we e.ui determine tie* value 
of A; knowing the value of A we ran deduce the value' of t J*»* //'h 
which occur in the expression for tie* coefficient of reeoruhiunf ion, 
and thus from the mobility deduce the coeiheient <d recombination. 
This relation would be true, whatever might be the law of torce 
between the ion and the molecule. 

At low pressures we saw (p„ 17) 

A-nW/l , I 
***' .‘1 \Aj 1 Aj., 

Arch* t) ( I I 
' J "3 ~ U '\M ‘ M . .*/, 

where M is the mass of a gas molecule, d/, and d/ r , are the unices 
of the negative and positive ions, /y.tnd their r>< pi«th«* mobili- 
ties, Hf, a,nd their mean velocities in a given direction, tt hen the 
positive and negative ions have the mme m« and mohiliiie,., 
this becomes 

Hrr.di* { *,i 1 vf,- f ./ 


0 vr ‘“ 


i tv 


1 


1 


w , 


a - • 


But 

hence 


n 0 - 


U/ 

1 


M 

I 


/f * /• . 

v-i 1 V’i *’ 


a 


30 V'gTTfb 3 

V:i (M i -Mtiki 

It is interesting to sen if the value of A determined by eijuaf ion l 
approximates to the value we have found on the assumption, of 
a force varying inversely as the fifth power of the distance. 

The mobility of the oxygen ion is such that* tinder the force 
of a volt per cm. the mean velocity of the positi ve and uegative 
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ions at atmospheric pressure is about 1*6 cm. /sec. ; as a volt per cm. 
is represented by 10 8 on the electromagnetic system of units 

Jc-™ 

10 8 * 

If there is no aggregation M x — M, and 

e _ e _ 10* 

M + Mi ~ 2M ~ 64 * 

Wo = 2*7 x 10*, if the ion is monomolecular. 

Substituting these values we find 

A = 1*4 x 10-®. 

This is of the right order, but is too small; if were greater than 
M, the value of A determined from equation (8) would be greater 
and give a better value of a. 

The most direct way of attacking the question of the state 
of aggregation of the ions would be to measure the value of a 
at high pressures; since this is equal to 

-nbWU^ + U z \ 

it gives us, without any assumption as to the laws of force, the 
relative velocity of the two ions, and when this is known we can 
determine whether or not there is any aggregation. 

20*6. The free path of an electron. '■ When the moving 
electrified particle is an electron the free path has to be found 
by a special investigation, since the mass of the electron is ex- 
ceedingly small compared with that of the molecules with which 
it collides. From the expression for the transference of energy 
given on p. 49 we see that it is very small when the colliding 
bodies have very different masses; thus there will be very little 
transference of energy in a collision between an electron and a 
mass as great as that of a molecule. Thus if the gas through 
which the electrons are moving is hydrogen, the energy transferred 
by a collision between an electron and a molecule will be only 
2/1850 of that which would be transferred if the collision had been 
not with an electron but with a hydrogen molecule moving with 
the same energy. It follows from this that the main loss of 
energy by the electrons is not by collision with the molecules as 
a whole but with the individual electrons in the molecule. These 
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fftt 


i'Jit-r, 


electrons have definite period* of vibration ,m<| f !*♦* amount ,,f 
energy transferred to them by colli, -ion it f* an electron of dHinife 
speed will vary very greatly with the lrequ«*ney of t !»■,«• v ihr.d ion*,. 

The energy tin* moving electron give up a* a colli imi with an 
electron oscillating a hunt a lived position d-pend-, upon tin* 
relation between tin* time of vibration of fbe lived eb-eiton ami 
the time taken by the moving eleefion to pa over .1 .puc equal 
to the minimum distance between tie* electron-,. 


The complete solution of the problem would be u-iv terc/thy 
and diflicnlt: the following very rough . ohitiou m,»y be cv peeled 
to bring out the main features. 

Let an electron A approach an electron It 
which can oscillate about, a position of equi- 
librium O with a frequency n. 

Let a? ho the displacement of It along lie- 
line joining It to the apse of tin* orbit of A. 

Then the most import ant part of the col lb, ion g 
will be when It and A are in the neighbour - 
hood of the apse, ami then we have approxi- 
mately 

/d z x , „ . e 8 

* U* + * “*) • • ,M‘- 

The time is measured from the time of passing through an apse, 
c is the apsidal distance, p a constant which u<> shall determine 
later, m is the mass, and e the charge of the electron. 

The solution of this equat ion is 



Vt,% II. 


X 


e* . | 1 eos t>t th 

Hiu nt 

mn } , c 3 ♦ pH * 


, r 2 
Hr cos lit 
mn 


S', 


sin at' It' 


c 3 v pH'*‘ 

We may, since the. force, between the electrons only produces 
measurable effects when the electrons are near together, take 
— 00 and + co as the limits of integration, so that when the 
collision is over 


X 1 


mn 


sin nt 


[ ' * CO; 

J -*c *4 


cos nt' 

pH" 3 - 


ie 


e* 7 t 

mn op 


nr 


« *>smwf. 
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The energy corresponding to this displacement is 


2 mc*p 2 

This vanishes, hoth when p — 0 and when p *= oo , and has a 
maximum when p = on. 

To find p we notice that when t = 0, 

d*r „ 

where r is the distance between A and B, and r 2 = c 2 + p*& close 
to the apse : but by the equation of motion of A , 

(d?r v 2 \ e a 

regarding B as approximately fixed, where v is the velocity of the 
electron A at the apse. 

Since r — c when 2 = 0, and 

^ (V 2 — v 2 ), 

where F is the velocity of projection of A , we find 

p* = i (F 2 + v 2 ). 

If & is the perpendicular from B on the direction of projection 
of A, 

bV — cv. 


then we see 


-g tan 6 — mV 2 ; 


o = 6 cot 2> 
v = V tan g; 

f e 

P=V2 ae °2- 

When mV 2 is large compared with e 2 Jb, 6 is nearly ir/2, and we 
have approximately 

c — b, v = F, p = V, 
and the transference of energy is 

1 6*ir a 

2 mb 2 V 2 * * 
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F-o-0 

so that when V is lnrf?«» the loss of energy vuricr. a.; [ {’■*, ami will 

vanish when V is infinite, We see too that when r i>, mh.iH, < * t> 
will vanish, so that the* loss of energy van*- ho*. for -mall ’...Jo.-ifi,.* 
as well as great ; thus except in special condition.. the lo.-s of energy 
at each collision will he small, and the free path lane*. 

Tn the case, of the ion the free path inrrea •• ! i t*nf inuom Iv with 
the energy; in the ease of the eleefron when the veloeitv i- .-mall 
the free path is long hut dimim* lies until the veloeitv reaches 
a critical value; when the velocity is greater than this value the 
free path again increases with the veloeitv. 

20*7. Rate of recombination of electrons and positive 
ions. In the calculation of the rate »»f recomhin.it i« in of pujtive 
and negative ions we have assumed that tie- colli- ion of either 
a negative, or positive ion with a molecule o} the me -through 
which they were moving, resulted in an appreciable jo, ■ of the 
kinetic energy acquired by the ions us they approach under their 
mutual attraction. This is true when the m.j .». > .,} the two 
ions are not very unequal, for then the i m re„ in i},.- Un-tie 
energy will he shared between the ions, a* thu» tie* energy of each 
will be increased by a Unite amount which it will Jo, ., on t oJlj ion. 
When however the masses differ as much a- electron., from 
molecules, the increase in the kinetic energy when they approach 
is practically confined to the hotly of small mu - ■•. the electron, .„o 
that the positive ion has none to lose by eolhdon. hi thin e.»*. 
the only collisions that give rise to loss of energy arc tho. e of the 
electrons with other electrons in the molecule,*, „o that from 
(2), p. 47, « tho coefficient of recombination will he gh«n by 
the equation 

“ • + tv ( i ■- 2 (‘J ■ 'J' ^ . . 

where ,,, 2 />/A, 

and A is the energy free path of the electron. Hrom what w* 
have seen A, except in very special eases, will he greater than the 
geometrical free path or than that for tint negative ton; this will 
tend to make the coefficient of recombination less for I he electron 
t an. for the ion. On the other hand f,, the average veloeitv, will 
be much greater for the electron than for the ion; this will tend 
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to make the coefficient greater. At very high pressures, when g 1 
is very large, the expression for a is 



and. this would be greater for the electron than for the ion. 

There do not seem to have been any determinations made of 
the rate of recombination of electrons with positive ions, and for 
most gases these would be very diffi cult owing to the electron 
uniting with an uncharged molecule and becoming for a *imA a 
negative ion. There are however some gases such as argon, 
helium and nitrogen, where the electron remains free, and measure- 
ments of the rates of recombination in these would be of great 
interest. 

The loss of energy by electrons through collisions has been 
measured by Hertz 1 and by Townsend and Bailey 2 . Hertz finds 
losses for electrons mo ving through hydrogen, amounting to as 
much as 6 per cent., and Townsend and Bailey losses in air of, 
in some cases, 2 or 3 per cent. ; the loss depends to a great extent 
upon the velocity. These losses are much greater than those 
which occur in collisions between spheres of masses differing as 
much as those of an electron and a molecule. 

20*8. Formation of negative ions and complex ions. 

The method used m § 20-1 to calculate the rate of recombination 
of positive and negative ions can be applied to find the rate of 
combination of any two attracting systems. The expression (2) 
will always hold if & is defined to be the distance between the 
systems when the work required to separate them to an infinite 
distance starting from b, is equal to the energy due to thermal 
agitation of a monatomic molecule at the temperature pi the 
system. 

We shall see however that this is not in all cases the most 
important method by which the combination can occur. Thus 
the following calculation on these lines gives only a lower limit 
to the rate of combination. 

When an electron or a charged ion combines with an uncharged 
molecule, the result is in one case a negative ion, m the other 

x Hertz, Dents. JPhys. OeseU xix. p. 268, 1917. 

2 Townsend and Bailey, Phil. Mag. xliL p. 889, 1921. 
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a complex ouo. If 1 Ik* attraction between the eliaiue at.d the 
uncharged molecule is equal to K r\ when* r c the d i- i.tiioo between 
them, thou tho work required f * ► separate them by an infinite 
distance starting from r is A, I/ 1 : h**nee IK tho \.«lm of /» in the 
expression for tho rule of recombination, i- *d\eii |,y j (,,< equation 


We saw, p. 52, that 


IC 

■1 O' 


r><> 


1-2 fit 


f/X* 1)1" 
2tt.V 


where /x is the refractive index of tin* pav at atmoqdierir procure 
and N the number of molooulos per 0 . 0 . at that prc-Mii**: hence 


For oxygen at atmospheric pressure 



/x a - t * 5*1 .. 

10 *, 

.V 2*7 UM\ 

hence 

O' 
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This is only 1/100 of the value of h for two oppositely ehuryed ions. 
The rate of combination of the electrons and ion* with unehaiged 
molecules at low pressures is thus 

^V/>» («,*•< A [ > *• •-*>, 

where p is the density of the ions, ir that of tie* uncharged »toleeub-i, 
Ui and u m the average velocities of the ion and »nol**« tile re- 
spectively, and A, and A„, their free paths. The rate of ♦ombina- 
tion between ions of opposite signs is 

lapp'd 3 («,* 1 <b' a ) 4 (j[ ^ fid;, 

where p, p' are the densities of the ions, and <f at O is 
4-1 x 10-*. 

Now, though <L is very much greater than O fin the ease we 
are considering d *=» 1(X)X>), yet a the density of the uncharged 
molecules is in general so much greater than p\ the density of 
the ions, that cr£P is greater than p'd 3 . At atmospheric, pressure 
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<7 is 2*7 x 10 19 , so tlxat unless p' is greater than. 2*7 x 10 18 , more 
ions 'will begin by uniting with uncharged molecules to form 
complex ions than with ions of the opposite sign to form neutral 
systems. It requires very intense ionisation to produoe 10 18 ions 
per c.c. at atmospheric pressure, far more intense than that 
produced by X-rays of anything like normal intensity, though 
not more intense than that which may occur in arcs and l umino us 
electrical discharges; and unless the ionisation has this hi gh value 
an ion will unite with an uncharged molecule to form a complex 
ion before it ends its career by combining with an ion of opposite 
sign. This will be even more certainly the case if there is any 
other way in which the complex ion can be formed. 

In the preceding investigation the neutral molecules are not 
supposed to exert any electrostatic force except that due to the 
induced electrification due to the presence in their neighbourhood 
of charged bodies. There are however some molecules, called 
polar molecules, which have an intrinsic electrostatic moment 1 ; 
the molecules of water vapour, of ammonia, of hydrochloric add, 
are of this type. These produce an electrostatic field stronger 
than that due to an ordinary molecule and varying with the 
distance according to a different law. Thus if M be the electro- 
static moment of the molecule, the force at a point along the axis 
of the moment and at a distance r from its centre is 2M/r*, and 
the work required to carry a charge e away to an infinite distance 
is Mejr % \ thus for this type of molecule the distance b will be 
defined by the equation 

Me e* 

b* ~ 4-2 x 10~ 6 ’ 

or 6» = M.4-2x 10-»/e. 

From Baedeker’s experiments on the variation of specific 
inductive capacity with temperature 8 it follows that for water 
vapour 

M = 2 x 10 -18 approximately, 
since e = 4-8 x 10~ 10 , 

b = 1-3 x 10- 7 . 

z J. J. Thomson, Phil Mag . xxvii. p. 7 50. 

2 Zetts, fur Physik . Chemie, zziri p. 305. 
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Thus h is considerably greater than for the normal uuch;itg<>d 
molecule, awl thus charged particle, will combine more rapidly 
with polar molecules than with itniiii.il mil-. \\'e . h»H meet, 
when considering the mohilitic. *»f inn,, m.inv example., »,f f}„. 
effect of these molecule* in loading up the i«m . 

The value of h for n collinon hef ween a charged and uncharged 
molecule is as we have seen only I luo part of th<* ■, .due tor ■ *p|M •• indy 
charged ions and is, except for very high pr*- am,, ntueh 1 k«s 
than the distanee helween two molecule,. f,j‘ the . Tlei , when 
a sphere of radius Ii is drawn round o unde* ule A th>> probability 
that another molecule will he iu.-ide t hi , .■ ple-re will he **xpr.-, „ed 
by a small fraction. Thus the chance flint the ion make* a cidjj.,ion 
with the. other molecules as it travel ' tlnougii ihi ph-m. i very 
little greater than that of its hit tiny the moh-ruh- u.'-elt. Thus 
for collisions between elect rout* or ion and neutral molecule. the 
possibility of their union taking place without the iufci vent ion 
of another molecule, becomes much more important tlun for the 
recombination of oppositely charged imr*. and i. ptolaihlv •}»•* moat 
important means by which the eombin.iion occur. . I*’or com 
bination between an electron and a neutral molcouk , the tdeetron in 
going through the molecule might collide with the eh. uom in the 
molecule and lose so much energy in this way that n i, not aide 
to separate from the neutral molecule. We bale .e,. (t that the 
loss of energy by a free electron colliding with n hound electron 
in the molecule is very small, except tor special value, of the 
velocity of the electron. There is a complex elect ro..t at »c tick! 
inside the molecule, and the electron journeying through it might 
acquire such a velocity from the attraction of tie* pn hr. r charge 
that it could communicate energy to electron * m-.ir it' path. Tin* 
Ioh8 of this energy might prevent fh** electron «• raping from the 
molecule so that it would produce a negative ion. It might, 
for example, give, so much energy to an electron in the molecule 
as to put that electron in a met astahle st ate; when the electron went 
back from this to the normal state radiat ion might Is* given out . 

On this view if V is the relative velocity rtf an electron and 
a molecule, Jc the chance, that the mpuiiite loss of energy occurs 
at a collision, since the number of collisions in a time o> is 

paVMt, 
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where b is the effective radius of the molecule, i.e. when the 
effect of the attraction between the electron and the molecule is 
allowed for (see § 19*1), the rate of formation of negative ions is 

parVirli*k (11). 

The rate of formation of negative ions on this view is pro- 
portional to the pressure of the gas, the rate indicated by the 
expression (9) is proportional to the square of the pressure, since 
1/A is proportional to the pressure. Loeb 1 has shown that an 
electron makes on the average some 27,000 collisions with an 
oxygen molecule before forming a negative ion, and that this 
number does not depend upon the pressure; according to the 
expression (11) the number of collisions is 1/k and is thus inde- 
pendent of the pressure. From the expression (9), on the other 
hand, it would follow that the number of collisions would vary 
inversely as the pressure. 

In collisions between an ion and a molecule there may be a 
transference of the energy due to the relative motion of the centres 
of mass of the ion and molecule into energy due to internal motions 
in the ion or molecule, if these are not monatomic, if this internal 
energy did not at once flow back again into the energy due to 
the relative motion of the centre of mass, and it seems unlikely 
that the whole of it should, the ion and the molecule need not 
separate, and a complex ion would be formed; the expression for 
the rate of formation would be 

poV'irb^k' i 

where b is the ‘modified’ sum of the radii of the ion and molecule, 
and k' the chance that the collision should result in such a trans- 
ference of energy into the internal energy of the ion and moleoule 
that separation would not take place. The rate of formation 
given by this expression is proportional to the pressure, whereas 
that given by (9) is proportional to the square of the pressure 
of the gas. 

21. Limit to the size of a gaseous ion. After the oharged 
molecule has increased in size by attracting another molecule, the 
work required to drag an additional uncharged molecule away 
from it, starting from a given distance, will be less than the work 
x Xioeb, Phil. Mag . xlui* p. 229, 1922. 
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required to drag an uneharged molecule .1 M.ivt nan .1 -ingle tuo)i>cule. 
The more complex the ion becomes, t ht* h* tin* uorl, required 
to drug an uncharged molecule away from it, end at a certain 
wtage of complexity the work required to il r.rj an unfit, ,m«*d 
molecule from an ion vv il h which it i in emu act i,. f< > than the 
kinetic energy the system p< e in \ n t u** ot it , ffnjpft.tt are; 
when t,h is stage is reached fie* am will hm •• to crow. 

The work required to sept, rat*' an uneharged .-pltere o t i.ntim 
<1 from a charged sphere of radiit* 5, tie* ; pheo*.- lean*.! inUnitelv 
nearly in contact, is (see Maxwell’ ■ lil» ■ h >< m»i Magetfi.w, 
vol. J. p. 275) 

1 

2 


..A 
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ah 
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where 


a I ft t 
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’(> (•'’) 
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log !*•(! j). 


Tables by which we (ran calculate tjt (s) are given in |>*< Morgan's 
Differential ami Integral Calrn/un, p. 5r*7, 

From these tables I find the following expre,,>in'i'i for the 
work w : 


a 

It. 

W 

1 4 

•n' . 

a 

2 a 

It. 

w 

l e- 
<10 a ' 

:ia ■ 

ft. 

in 

I c<* 

155 a ‘ 


When. 6 is very large compared with a 

77* « a c* 

* I « r a « * 

12 fr n 

Now the process of aggregation will stop at about the Hag.* 
where w becomes kiss than the kinetic energy nf f he - vstem which 

wo have seen at 0° 0. , where r 1*2 J»r •. 

Thus if a --- 10" 8 , the w*ork required to separate n molecule 
from an ion whose radius is tia is greater than #*»,r. hut. the work 
required to separate a molecule from an ion whose radius is ia 
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is less than e^/r, hence in this case the radius of the ion cannot 
exceed three times the radius of the molecule. 

1£ a = 10-% the work required to separate a molecule from an 
ion of radius 2 a will be less than e*jr, hence in thin case the radius 
of the ion cannot exceed twice the radius of the molecule, and 
we see that the larger the molecule the smaller will be the ratio 
of the size of the ion to the size of the molecule; with very large 
molecules it is probable that the ion and the molecule are identical. 
The ions in different gases will thus not differ so much in size 
as the molecules of the gases. Since the kinetic energy is greater 
at a high temperature than at a low one the process of aggregation 
of molecules will stop at an earlier stage the higher the tem- 
perature, so that the ions will be simpler at high temperatures 
than at low ones. See also §40*1. 

Diffusion of Ions. 

22. In addition to the loss of ions arising from the recombina- 
tion of the positive and negative ions there will be a further 
loss due to the diffusion of ions to the sides of the vessel. Thus 
suppose the ionised gas is contained in a metal vessel, then when 
the ions come in contact with the sides of the vessel their charges 
are neutralised by the opposite charge induced on the metal and 
they thus cease to act like ions: the layer of gas next the sides 
of the vessel is thus denuded of ions, which exist in finite numbers 
in the gas in the interior; a gradient in the concentration is thus 
established and the ions diffuse from the interior to the boundary. 
The problem is closely analogous to that of the absorption of 
water vapour in a vessel whose sides are wet with sulphuric add. 
We shall begin by considering the theory of a very simple case, 
that of ionised gas contained between two parallel metal plates 
at right angles to the axis of x. Let n be the number of positive 
ions per cubic centimetre, q the number of ions produced by 
the ionising agent per second in a oubic centimetre of the gas, 
D the coefficient of diffusion of the positive ions through the 
gas, to the number of negative ions per cubic centimetre, then 
we see that in consequence of diffusion the rate of increase m the 

number of positive ions per cubic centimetre is equal to D , 
assuming that the surfaces of equal density of the ions are planes 

5-3 
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at right angles to the axis of s. Thus taking rceom lunation and 
external ionisation into account us well as diffusion we have 

tin. , d-n 
-,a ■ 'i ‘ u jj* 

and when things arc, in a steady state, 

, r, d a // n 

q |- I) - tot at 0, 

Let us consider the special case when the plate-, are -n near 
together that the loss of ions from difTtr-ioti far exceed t It.i* from 
recombination, then we have 

« « id. 

If we take the plane midway between the metal plate.; a-* tin- 
plane x - 0, and if 21 is the disfanee between the plat*-,, thru 
the conditions to l>e satisfied by /< are u it when s I: the 
solution of equation (I) with these condition* in 


» *2/; (/a yi) <->• 


The total number of free positive ions between the plates is 
equal to 

.•it 

1 n ds, 

•l 

and this by equation (2) is equal to 

2 '/ p 

a I) 1 * 


We see from this result, how we cun measure I). For, if we 
out off the rays and apply a strong elect rie field between tin* 
plates, we shall drive all the. positive ions against tin- plate at the 
lower potential, so that this plate will receive a claw of 


electricity equal to ~ /, l li a, where v is the charge on .in ion: if 


this plate is connected with an electrometer w- *-u» mea.'ur<* its 
charge, which will l>e proportional to the deflection />, of the 
electrometer. If the rays arc kept on and the field j, interne 
enough to produce the saturation current, the charge received by 
the plate in one second is equal to hence if o u is t he deflection 
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of the electrometer in one second in this case, we see that 

* _ 1 l 2 s 

61 ~ 3D b *> 


an equation which enables us to deter min e D. 

23. We have in this investigation neglected the effect of recom- 
bination, it is necessary to find the condition that the plates should 
be sufficiently close together to make this justifiable. An easy 
way of doing this is as follows: the total number of ions on the 
hypothesis that the only source of loss of ions is recombination is 


equal to 2l\/q/a (see p. 20); the number on the assumption that 
the loss is entirely due to diffusion is, as we have just seen, g JjZ 3 ; 


hence if | Z 8 is small compared with 2Z , i.e. Z a small compared 


with Dj'V qa, the loss of ions from diffusion will be large compared 
with the loss by recombination, and we shall be justified in 
neglecting the latter. 

A correction may also be necessary, due to the forces between 
the charges on the ions, if unequal numbers of positive and 
negative ions are present in any region. Like recombination this 
effect depends on the square of n and so can be neglected for weak 
ionisation. 


24. The coefficients of diffusion of the ions in air, oxygen, 
hydrogen, and carbonic acid gas have been determined by Town- 
send 1 by a different method; ionised air being sucked through 
very narrow tubes and the loss of ions suffered in passing through 



x Townsend, Phtl. Trams. A, 19S, p. 129, 1900. 


a 
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a known length of tubing det enabled. Tin* theory of tin* method 
is as follows: ionised gas is sent through a metal tube 1 it*- a\is 
of which is taken as the axis of (In* <>:h moving purull.*! to 
and. being free from the action of any ioni-int/ agont in it'* eourst* 
through the tube. Consider the state of thing' m a •■mull volume 
ABCD&FOH: this volume loses ion.* In ditYu .ion, and gains 
them by the gas entering the volume through the f,n*<* AIU'I) 
being richer in ions than that leaving it through tin* fare EFtlll: 
when the gas is in a steady state the rate/, of Jo-; arid gain of 
ions must be equal. If « is the number of ions per ruhie e**nti- 
jufttre, D the eoefiieietit of dift’usion of the ton.-* throii'di tin* gas, 
the rate of loss of ions from diffusion i.** equal to 

. d-t> ( d"u d‘ti 
" l> (h? ■ dtf dz* ' ' 

If v is the velocity of the gas, the rate of gain of ions fioin the 
second cause is equal to 

d , . 

■h 

or, since, v docs not depend upon z, to 

dn. 


Hence equating the loss and the gain w** j;»*t 

. /#/i , d~» \ dr 

bi '<u* '-,hr ■ 

In the experiments the term It was very email compared 
with ^ being of tin* order 1 20, /• of »l«e order pat and 

OZ fl (IZ 

D about ‘03, so that >'t>. was about, 70,tjoo time' Ii^!\ {*.»r the 

d •. 

case of & cylindrical tube of radius a synuuet ri«*«l about the ,»vis 

d*n d*n d a t> t l dn, 
dr* ‘ dy % dr* *’ r dr ' 

where r is the distance of a point from t he axis of the tube. \’ow 
2F 

* — “g ( a * — r 2 ), where Fn-a 2 is the volume of gas pacing p**r 
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second through, each cross-section of the tube; substituting these 
values in equation (1) and neglecting d 2 njdz % we get 

d 2 n Idn 2V dn A . 

TP + ?3r - 5r > (a ~ - 0 <*>• 

The conditions to be satisfied by n are that n = 0 when r = a 
for all values of z, and that if the ionised gas enters the tube at 
z = 0 , n = no a constant, when 2 = 0 , for all values of r. 

e Pg«a 

To solve this equation put n = cf>e 2V > where <f> depends only 
upon r and 9 is a constant to be subsequently determined; substi- 
tuting this value of n in equation (2) we get 




dr 2 

Put <f> = 1 + BjT 2 + B % r x 4- B z v* + 

and we get from (3) 

4-Bj -I - 9o 2 = 0, 

165 a +- 9a 2 B x -9=0, 
365j -f* 9ct 2 B 2 — 9B X = 0, 


.(3). 


thus the first three terms in <f> are 

1 ~ x ' a + 10 ( e + ^f) ** W- 

We have to choose such values of 9 that <f> = 0 when r = a; let 
these values be 9 Xi 9 2 , ... and let <f>x, <f> 2 be the values of <f> when 
these values of 9 are substituted in equation (4); then we may write 

9iD(t'z e,nu*3 e,On*z 

n = Cxfae 3fr + + Ca<f>s€ +..-.(5). 

To find the values of Cj, <%, <%, ... we have the condition n = 
a constant when 2 = 0. Hence 

4? 0 = + (®)* 

How from the differential equation (3) wo can easily prove the 
following relations: 

( a a — r 2 ) rd/r = 0 when n and m are different — (7), 

]>*<«* m. 
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Multiplying both sides of equation pit |,y p,j /.-*) e allf | 
integrating from r - <> io r a we obtain by t f m* ai<l ot equations 
(7), (8) and ({») 
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n - - * 0 
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Tim number of ions whirl* p:i * arrn- ■ t li* 
when 2 0 is w 0 mr # K; tfu* quantity wliirh pa 

tho tulm at a distanrr z from tin* origin h I'lju.d f«* 


i ii"). 


•'« tion of the tube 
•kto, • a . tM't i*»n of 


r" 2 J r 

27r I //. „ («■/“ /•“) /'»//•; 

1 o *<“ 


this by equations (7), (0) mid (In) is equal to 


( 

r#, 

r n i 


! i 

dr 

*#/**' J 

*h 

i^t* 

#i 

c a/ 

7KT. 

i 

r/t/, 

i 

thi j 


The numerical values of f/,„ d a and the quant it ie. j !t .ju,ir#> 
brackets can be calculated, only tin* first two l»r m>, being i m . 
portanfc. 


If c, is the saturation current through the *.,» , «fr, - r having a 
tube of length l lt c 2 that after leaving a tub*- of length then 
sine© the saturation currents are proportional to the numbers of 
ions given to the gas per second, we have 



(Ml 


where J is a known function. Now <*j can be determined bv 
experiment, and lienee from equation (II) the value ol l> .an hr 
determined by a graphical method. 

The apparatus used to measure the value of e, . ,, j,. represent .'d 
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in Fig. 13. A is a brass tube 50 cm. long, 3*2 cm. in diameter, 
provided with an aluminium window W through wh ich the 
X-rays which ionise the gas pass. G is another brass tube 17 cm. 
long fitting accurately into A and able to slide along it. E is 
an electrode which is connected to a metal rod F passing through 
an ebonite plug. A series of fine wires were soldered parallel to 
one another and 2 mm. apart across the end of the tube G. The 
gas entered the apparatus through the glass tube G and then 
before reaching the electrode passed through the tubes T. These 



were twelve tubes 10 cm. long and *3 cm. in diameter, arranged 
at equal intervals and all at the same distance from the airis of 
the tube A; they were soldered into holes bored into two brass 
discs a and /? which fitted so closely into A that gas could not 
pass between the disc and the tube. Another set of twelve tubes 
only 1 cm. long and *3 cm. in diameter were fused into another 
disc y. The tube A was insulated by the two ebonite rings R, R'. 
The potential of the tube was raised to 80 volts by connecting it 
with one of the terminals of a battery of small storage cells, the 
other terminal of which was connected with the earth. The 
electrode E was connected with one pair of quadrants of an 
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electrometer, the other jwtir of tjuinh.ujt ■- heite» ! >*pt to earth. 
A uniform ami mensurable stream of *♦,* » u.i .applied by a 

gasometer, this gas vs ns ioni by tin* in;. it j ». | through 

tlio tube; some of fin* ion.; were lo t hv iIi/Tu-i<>n u> 1 1** * ..ales, 
all tin* positive ones which escaped v..*m tinv.*n ir« tin*, 

elect rode A: thus fin* charge on tin* e|ec*rouiei,r men tired tin* 
number of positive ion;. which got ihroiedt tin* •‘{In . Itv eh, trying 
the tube A up negat ively. fin* i»«**.Mtn»* i>ut cmiid i <** tiiiv«n ,i;',uibt 
the, electrode, and Hit* nutiilit*r of time uh»h ■»> t tliimwli tin* 
tubes determined. After a series of in**,.' no un-id h.»d Itt*«*u 
mude with the long t uht*s, these wt*r« replaced f*v tin* hort ones, 
and a similar series of nnnn-tiri'tin'iit pme* * I. lough. These 
measurements, as was explained in tin* protectin' t ic-ory. give 
us the data for calculating tin* coefficient **f ditTu hm of tin* ions, 
For gases other than air, a somewhat ditTeren* f * *r*>± of apparatus 
was used, for a description of which vv»* mu t i**1»*r to tin* original 
paper. 

The loss of ions even in tin* narrow tube. i rmt entire!** title 
to diffusion to the M<le.v »»f fin* ttihe. a part, thoiedi onlv a small 
part, of the loss will In* dm* to the tecoiahination of tin* its.*, To 
estimate how much was dm* fo this effect, tie* *m.ti! to!*** . T were 
removed and the deflection of tin* eject roim*ti < of. <•(*,. •*! when the 
tul>« (J was placed at tlifferent distance*! from fie* pi e t v hem the 
gas is ionised; in a wide fttht* stu b a i J fie* In . from dii«u nm to 
the sides is negligible, and the smaller ij.-l5r.tif.it t.f th> elect m- 
meter when the electrode A' is mt>vt*tl awav from * I;** pl.n*e of 
ionisation is duo to the loss id iou.i hv recombination. ti», n. .thing 
measurements at tlifferent distance)' end Lisa, in*/ »h»* «,e!oci* v of 
the gas we cun measure in this way tin* wnowa o< o roe, lunation 
taking place in u givett time and hence detennim* <}>•• *„|<j.- t*f ft, 
the constant of recombination. It was in thi wnv th, t t»,. v.!u«** 
of a given on p. Hi were determined. Know tut' <• n i #*.->• to 
calculate the loss of i<»ns from recombination in ♦ ! *•* ir age 
through the narrow tubes, and then to apply a m.ic lion p. the 
observations so as to get the loss due to ditiudon a Ion- . 

The following tables give tin* value-, «.f the » .« ibci'-nt* of 
diffusion on the ti.o.s. hystt*m <if units a-, deduced hv Tn*vii‘t*n'l 
from his observations. 
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Table I. Coefficients of Diffusion in Dry Gases. 


Gas 

2> for ■+• ions 

D for — ions 

Mean value 
of D 

Ratio of jD 
for -to D 
for + ions 

Air 

n 

•043 

— 

1-64 

Oxygen 


•0396 


158 

Carbonic acid 

- 

•026 


1-13 

Hydrogen 

mm 

•190 

mm 

1 54 


Table II. Coefficients of Diffusion in Moist Gases 


Gas 

D for •+• ions 

D for —ions 

Mean value 
of D 

Ratio of D 
for —to D 
for + ions 

Air 

•032 


mSM 

1-09 

Oxygen 

•0288 



1-24 

Carbonic acid 

•0245 

WmMirr'jJtWm 


1-04 

Hydrogen 

•128 

•142 

mm 

1-11 


We see from these tables that the coefficient of diffusion for 
the negative ions is greater than that for the positive, the difference 
being much more marked in dry than in damp gases. The superior 
mobility of the negative ions was first observed by Zeleny 1 , who 
measured by a method which we shall shortly describe the velocity 
of the ions when placed m an electric field, and found that the 
negative ions moved faster than the positive ones. The more 
rapid diffusion of the negative ions explains why in certain cases 
ionised gas, originally electrically neutral, acquires a charge of 
positive electricity. Thus, for example, if such a gas is blown 
through metal tubes, the gas emerging from the tubes will be 
positively eleotrified, as in the passage through the tubes it has 
lost more negative than positive ions. Zeleny (loo. ait ) has shown 
that this effect does not occur with carbonic acid gas in which the 
velocities of the two ions are very nearly equal. Some experi- 
ments made by Rutherford* seem to show that in addition to the 
effect produced by diffusion, there is a specific effect due to the 
metal, as he found that the excess of positive over negative ions 
was greater when the ionised gas passed through zinc tubes than 

1 Zeleny, Phil. Mag. v. 46, p. 120, 1898. 

2 Rutherford, PM. Mag. v. 43, p. 241, 1897. 
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when it passed through cupper. Tin* different *• in tin- rate of 
diffusion of the punitive and negative hue r.tu • •>, eejt.iji, amount 
of electrical .separation to take place wfe-i, a *r., , j j# f i, | !ln jj lf , 
negative ions iiifhi.se more rapid I v than tie* p.. m>. ** one-, f] t( . 
region where ionisation takes pko-e wifi have an *■ u e < if positive 
ions and he positively eject ritied. while in ••on equ.-ne,. |j, ( , 
<liffusion of the negative ions the .-.urroundm" region will have an 
excess of these ions and will therefore he nega’i'.efv • !••••( >ii>cd. 

The results given in Table.-, I and II -Je>\v that the evee.-s of 
the velocity of diffusion of the negative ion - over l hat of the 
positive is much greater when the ga.i i. drv than vv fieri it is 
moist; the effect, of moisture on the velocity of diffusion b \erv 
remarkable, the results quoted in the table ..how tfi.it with the 
exception of ions in carbonic acid (where there i- but little differ- 
ence between the velocities of diffusion of positive or negative ions 
in either wet or dry ga*j the effect of luoi t'ire j •, to ptoduce a 
very considerable diminution in the rate of diffusion of the negative 
ions, while on t he other hand it tends to im rea-e t he rat.- of diffu don 
of the. positive ions, though the chump* produced in fj„> podfivc 
ions is not in general as great as that produced m the negative. 

The preceding experiments relate to ions produced by X rays. 
Townsend 1 subsequently applied flu* same method to tie- deter- 
mi nation of the coefficients of diffusion of joiis prodm cd in, radio- 
active sub8tane.es, by ultra-violet, light and bv di charges from 
electrified needle points; the results of the.-c experiment. > are 
shown in the, following table. 

C'okkwoiknts of Diffusion of lovs mtotn t r.u i \ Am 

HY DIFFKHKNT MkihoIM. 


Method 


X-rayH 

Radioactive MibHtanrtts 
Ultra- vxoiet Ii^hl 
Point diHchar^c 


Uty 

rtll 

M«n .» 

'Sit 

! ion* j 

• idiit 

* *'IM 

<•* 4 * 

•02H 1 


•MIW 


(«g 



♦<Ml 

, 1 




"0217 

*o :r, 



•02 1» i 

•raa 

•ftfV 



i Townaoncl, PhiL Tmn< X Itt.\ \Unu, 
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From these numbers we conclude that the ions produced by 
X-rays, by radioactive substances and by ultra-violet light are 
identical (but see below, p. 83). 

Townsend 1 also investigated the coefficients of diffusion of ions 
produced by radioactive substances at a series of pressures ranging 
from 772 millimetres of mercury to 200 mm. and found that within 
this range the coefficient of diffusion was inversely proportional to 
the pressure; the Kinetic Theory of Gases shows that tbiw would 
be true in a system where the diffusing systems do not change 
character with the pressure; as this result holds for ions we con- 
clude that down to a pressure of at least 200 mm. the ions do not 
change. We shall see that at very low pressures the negative ions 
are very much smaller than at these high pressures. 

24*1. Salles 2 , and Franck and Westphal3, have also made deter- 
minations of D by methods similar to that of Townsend. Salles find« 
that the material of which the fine tubes are made does not affect the 
rate of diffusion to them. He used tubes of German silver, brass 
and steel. HenseH has tried in addition to metal tubes, tubes of 
non-conductors such as glass and wood, and finds no difference 
in the results. 


The following table shows the values found by the various 
experimenters 


Gas 

D for 
H-ions 

D for 
— ions 

Author 

Air, dry 

-028 

■043 

Townsend 

99 99 

•032 

•042 

Salles 

99 99 

029 

*045 

Franck and Westphal 

„ moist 

•032 

•036 

Townsend 

Oxygen, dry 

025 

•0396 

Townsend 

99 99 

•030 

-041 

Salles 

,, moist 

•0288 

•0358 

Townsend 

Carbon dioxide, dry 

023 

•026 

Townsend 

99 99 99 

•025. 

•026 

Salles 

„ „ moist 

0245 

•0255 

Townsend 

Hydrogen, dry 

•123 

•190 

Townsend 

„ moist 

•128 

•142 

Townsend 

Nitrogen, dry 

029 

•0414 

Salles 


x Townsend, Phil. Trane. A, 195, p. 269, 1900. 

2 Salles, Ann. de Phya. ix. t. 2, p. 273, 1914. 

3 Franck and Westphal, Verh. d. Deut. Phya. Gee. an, pp. 146 and 276, 1909. 

4 Hensel, Phya. Zeite xiu p. 666, 1912. 
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25. It- is of interest in compare the rub • of diitu.iou of ions 
through a gas wifh those ol flu* molecule nf nm> •_».«, through 
another. In tin* following tahh*. taken Jroiii \\ inheitti.tnn* . IhuM- 

hnch tier P/if/sif,', i. pp. bib, <117. the fhetent oi di.f’u i. ui mp, 

each other for hydrogen, air, esubouie ,ie : d. ,mi *1 c.m hoi.i.- ,, % ide, 
ami for some. vapours are given: if »pp".u tiorn lie- t,* It}*, r hat. 
the gases diffuse very mu»*h more <piio!.h tlrm the i<«», , t«:it that 
there are vapours whose coefficient • o| diifn mu ,*(»• the mine 
order as those of the ions. 


' 

n 

ruu« 1 

<idd 

Jt 

i HI, * oi i . 

\t r* 


n 

<!o <*o a ; 

| ■ i,‘$l (2 j 

ro ( k 


* fl # t 

* t 

■«UV2 

air <!<)- 

•I» 1X1 1 

il <>; 

* fla air 

•(iliddO 

» nhul} U 

M (? 


(>„ -(!<)« 


*#«! Vft 


* 1 

ih-('<>± 


rthfr Il # » 1 



Ut 

It tan 

ivir-Ojj i 

1 -1777H , 

I 1 

#*f I iit air 

•**?7*> 

*• 

i * K 

•o;io.' ( 


One, cause of the slow diffusion of the ions is that tie* > barged 

ion probably forms a nucleus round whiefj th** ujoh-euJ „f the 

gas condense, just, as < I list collects round a charged fmdv, thus 
producing a complex system which diffuses slow Jy : t hi* • < \plaunt ion 
is supported by the fact discovered by M'f’Jelland 1 that the 
coefficients of diffusion of the ions in t he flame gase -, depend very 
much on the temperature, of the flame and tie* di-fane,* of the 
ions from it; a comparatively small lowering of temperature 
producing a great diminution in the rate of diffusion of the ions, 
as if precipitation had occurred upon them. The view h also 
supported by the ability of the ions to act as nuclei for t.h« 
precipitation of water vapour. If must he rememfiercd u bn 
that an ion differs from an ordinary molecule in being charged 
with electricity and thus being surrounded bv a strong electric 
field. 

Rutherford* has also shown that the vapour of alcohol or ether, 
like that of water, produces a great diminution in f l*e mobility 
of the negative ion. 

X M«( Holland, Vamh. Phil, tirje. Prut. x. j>. lilt, 

2 Rutherford, Phil. Mug. vi. 2, ji. 210, 10UI. 
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26. Relation between diffusion and mobility. The coeffi- 
cient of diffusion of the ions through a gas is directly proportional 
to the speed with which the ions travel through the gas under 
the action of an electric field of given strength. The connection 
between this speed and the coefficient of diffusion can be established 
as follows. From the definition of the coefficient of diffusion D 
it follows that if n is the number of ions per cubic centimetre, the 
number of ions which in unit time cross unit area of a plane at 

d/Yh 

right angles to & is equal to D We may thus regard the ions 

as moving parallel to the axis of x with the average velocity 
1 cfofc 

— D ^ . The ions being in the gaseous state will produce a partial 

pressure p which when the temperature is constant is proportional 
to the number of ions; we see therefore that the average velocity 

of the ions parallel to a; is equal to Now dpfdx is the 

force acting parallel to the axis of x on unit volume of the gas, 
we may thus interpret the preceding expression as meaning that 
when the force acting parallel to the axis of * on the ions in unit 
volume is unity, the ions move parallel to the axis of x with a 
mean velocity of translation equal to Dip. Suppose now that 
the ions are placed in an electric field where the electric intensity 
parallel to the axis of a? is equal to X, then the force on the ions 
in unit vol ume is equal to Xen; hence if u is the average velocity 
of translation of the ions parallel to the axis of x 


u 


Xen 


D 

P' 


Now njp is the same for all gases at the same temperature, 
hence if N is the number of molecules of air in a o.c. at this 
temperature and at the atmospheric pressure II, since n/p = Nf II, 
we have 


N 

u — XeD jj , 


or Uq the velocity of the ions in a field of unit intensity is given 
by the equation 

r\ ® 

Uq — D j-j- ■ 
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Thus u 0 is directly proportional to />. .•<< th.u .1 hu< vvledge of 
one of these quantities enables us at one** to calculate sh“ other, 
or if both are known we can find A*. 

27. Value of Ne. From liutherlmd'* #- . on the 
mean velocities of the ions in £.01.0*- aittl tin* ncari 0} tie- eneHieieutK 
of diffusion given by Townsend w** yet 

I. 


<«U * 




Air 

( >\vg<*u 
(’ar ltoii it* and 

Hy«lwi?i*n 


i :ju 

j.MU 


From ZuUmy'H valutas for th$* whiriri** *»f ? >t*- ion nu*l Town- 
fiend’s for the* roidHrimtls of dilTtisioii *>♦* t!**f for AV *" 


II- 

Moirtt 


I H v r r * * 


Oah 



Vtnuiw* ion* 

i 

i* .it', 

0 J'-Tl 

V* *si» *v«- i*#ri t 

Air 

1 

- I*2K 

l*2i* 


KU 

Oxygen 

I i*:h 

1*27 

i t*;i 

i:m 

Carbonic aoid 

1 101 

*H7 

•m* 

•m 

Hydrogen 

1*84 

Mh 

UV.l 

b'X> 


Since one electromagnet itt unit or It elect pci at >«• units 

o£ electricity when passing through acidulated water liberate* 
1*2U c.c. of hydrogen at the tempera! tire of 1 .*•’ r. and pre.vu/e of 
760 mm. of mercury, and since in l*2lt <v. oJ toe then* are 2" I6.V 
atoms of hydrogen, w’<* have, if K is the charge in electrostatics 
units on the atom of hydrogen in the ele« troly:d . «»f ,< obit ion* . 

2-m.VA’ \\ ■ in"*, 

or XK 1*22 It***. 

The mean of all the values of ,W iti Tallies 1 and II i- I 21 In 1 ”. 

We conclude then (1) that the charge* carried by He* <m, eoti* 
ions are the same whether the ions are produced in air, o\y;»en. 
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hydrogen or carbomo acid, (2) that the charge on each is equal to 
the charge carried by the hydrogen atom m the electrolysis of 
solutions. 

27*1. Townsend and his pupils have used the following method 
for comparing the coefficient of diffusion with the velocity acquired 
by an ion in a field of unit electric force *. A column of ions of 



Fig. 14. 


one sign passes through a circular aperture in a horizontal plate A 
and is driven downwards by a uniform vertical electric force Z 
towards a disc Z>, coaxial and parallel to the aperture A, and 
a ring C coaxial with D and insulated from it. D and O can 
be connected with an electrometer and the charges they receive 
measured. In consequenoe of diffusion the ions will spread out 
and this will increase the ratio of the charge received by G to 
that going to 2>‘. The longer the time they take to go from A to 
D, the greater will be the diffusion, but this time will depend 
upon the force Z; the greater this force the shorter the time. By 
x Townsend, Proc. Boy. Soc. base, p. 207; Ixxxi. p. 464. 
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I I 

comparing the relative ehurge, received by //and f ind<*i duYerent 
electrical forces, tin* relation I »*-t •*<■!* flu* ditfu ton and *le- mobility 
may Ik* d«*d fiord. To keep flu* el.-efrio b>n »* tintloim a , t. r j,. s 0 f 
horizontal rings ar<* arranged at e«ju.d ili tan*-*- apart ami eou- 
needed in series by high rc*i-tunee... 

Let the axis of ~ be the line joinm*/ tie- romp* *>t tlt<* aperture 
A to the centre of tin* di-e U. and tin* ,n*v ot / and -/ at right 
angles to z. If ii is tin* number of imi per tv at tbe point r. ,/ ? 
then when things sin* in a steady :tat«* 

d-n , //V */-V* ,} 

dr* 1 i ///■’■ ' " ' ' ”(ll> 

where o is the velocity of tin* ion; if Z is the eject rie tor* **, 

e /.Z, 

where k is the velocity of the ion under unit elect ii** force, since 
Z is constant v is constant ami c/piation t i ) iu„\ be written 
<r~n, . dhi , d-H kz.h, y.y.'h. 
tlx* ' <hf ih- U <h || ,/• • 

Or if r is the distance from the a.\i« of 

<!' it If/// i/~/' Xt'Xtfr 

dr* 1 rdz d* II #/.’ 

The equation may he. solved by putting 

// 2 CftJ t , f Af) r 

where ,/ 0 (a;) represents Bessel’s function of /,en» or*l **r aid 

V,// 

o* , m J | j a-. 

fi and A fire to be determined by the . tjrf.rc** condition* wh/*n 
* - 0, i.a. that n. is constant from r o to /• */ and zero when 

r is greater than a. The values of // at tin- <li »• *,nd the ring 
are, got by putting z h, where // j* the di fane*- between the 
aperture and the disc, ami heuee the rutin of th<* ehaige* received 
by the, ring and disc calculated; tbb rati*, will b** a Junction of 
(Afe/1 1), and when it is known the value of ,\V II can be determined. 
In the case of the, negative ions under ordinary rondi’ion.- of 
dryness Townsend found good agreement with tin* value of AV 
lor electrolysis, after a eorreetion of about 10 p.*r ** nt. had been 
made to allow for the. mutual repulsion of tin* ion*,, Kxporiinrnts 
were made with air at pressures of from 2 to 2o mm. and ulso 
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with oxygen, hydrogen and C0 2 . The ions were produced by 
X-rays incident on a metal surface. Haselfoot using a and /J rays 
to produce the ionisation found the same result. For very dry 
gases at low pressures anomalous results were found. Under 
these conditions the negative ions have abnormally large mobilities 
(see below, § 37*3) and the assumption that their kinetic energy 
in the electric field is substantially the same as that of molecules 
at the same temperature ceases to be true. Thus the argument 
in § 26 breaks down. Townsend has considered this case in detail 
in Electricity in Gases, p. 172. 


For the positive ions values of Ne considerably in excess of 
those found m electrolysis were obtained when the ionisation was 
produced by secondary X-rays, but not when it was due to radio- 
activity. This is attributed to the presence of a proportion of 
doubly charged ions. It is most marked at low pressures. 

Franck and Westphal 1 2 found that they could separate the 
positive ions formed by X-rays by diffusion through fine wire 
gauze, so that those which passed through had a smaller diffusion 
coefficient than the original ions and, smce the mobilities of all 
appeared to be the same, presumably contained a larger proportion 
of the doubly charged ions (see p 79). After passage through three 
gauzes 2) was reduced from *029 to *0175. They estimated that 
9 per cent, of all the ions were doubly charged. 

When the ionisation was due to a, p or y rays or point dis- 
charge, no evidence of double charges was found. Doubt has been 
thrown by Millikan on the existence of doubly charged ions in gases 
ionised by X-rays, as a consequence of his work on the determina- 
tion of e (see p. 302). 

Lange via 3 has devised a method of finding the value of TcJD 
which has been used by Salles 3. The principle of the method is 
as follows. From equation (2), p. 68, the number of ions of one 
sign between two plates, placed so near together that the loss of 
ions by recombination is negligible compared with that by diffusion, 
is given by q 

1 Franck and Westphal, Ver. der D&wtsch . Phys. Qes. xi. pp. 146, 276, 1909, 

2 Langevui, Le Podium, x. p. 113, 1913. 

. 3 Salles, Ann. de PTiys. ix t. 2, p. 273, 1914, 
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If an eleetrieal field is applied l»*f the pi.it»* * too ^M.tk to 
affect apj>r<‘f j ial>ly fin* di:drihution of ion* I***l tin* plnte*, fixe 
current through unit area earned liy tin* ion., of one .•(■rn, whe& 
'x 0, in a,w, or 

qrP* 

2/J, * 

where u in the velocity of flu* ion/ due to the oloeiiic Hold, 

The current, carried by the into of the op|io<i?o i*,»n i. 

tji /-V 

W * 

The Burn of these is equal to A the runout thioutdi unit area of 
the plate, so that 

. ml* fa c\ 

' 2 (/>, /y’ 

If / is the saturation eurrent Ihrontrlt mot .uea, the potential 
difference between the plates, 

/ *» , k x Y /jT 


ionoo ' *’ l '< . {>) : 

l H J), lit I 

hence the measurement of i}f will give 

(/’,//>! { i 2 /a,) a.v# II. 


Salles using this method found a value of ,\\ II . lightly le-n 
than 1*25/ 10 4 , indieafing that there wa 1 * no appreciable number 
of doubly charged atoms. The ionisation wai earned by they rays 
from radium. 



CHAPTER m 


MOBILITY OF IONS 

28. Ip u is the average velocity parallel to x of ions acted on 
by an electric force X in this direction, u/X is called the mobility of 
the ions ; it is as we shall see independent of X over a wide range 
of values of this quantity; it depends however on the sign of the 
ion and the pressure and nature of the gas through which it is 
moving. 

The earliest systematic measurements of the mobilities of the 
ions were made in the Cavendish Laboratory in 1897 by Ruther- 
ford 1 . 

Method I. 

29. One method used by Rutherford 1 is represented in 
Pig. 15. Two large metal plates A and B were placed parallel to 



Fig. 16. 

it 

one another and 16 cm. apart on the insulating blocks O and D. 
The X-rays were arranged so as to pass through only one half 
of the gas included between the plates, thus no direct radiation 
x Rutherford, Phil Mag. v. 44, p. 422, 1897. 
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reached the air to th** left <*i tin* hue /;'/* v*. }■ t«*Ii i> half-way 
between the plates. Tie* plait* ,1 w» * **< I •% i 1 1 1 on** terminal 

of a bait, fry of a large number of .-m.dl htor.ige »*••!!• *.'i v xu*r a 
potential difference of 2ll0 volt*. tin* other t «*ri iti ii<> 1 of tin* battery 
being connected wiih the earth. Tin* plat** IS utit connected 
through a. coni aft. lever LM, *tn *n rtf *** I on ait in; uiatin/ itlnrk. to 
on<*. pair of quadrants of an elect iom**1er, lit** <»tln*r pair being 
connected with the «*;i r t tt. A pendulum mt**ii upter \\,i , .iii.ingcd 
ao uh first to make (It** current in ih»* prunuiy of th** induction 
coil used to product*. th<* ruvs, ih**tt .t known interval to 

break the, elect rom«*t,e,r circuit l*v knockin'/ away the l»*\«*t L.M t 
and then to break the butteiy circuit death afterward .. A' is 
a condenser connected to the electrometer to merea-.** it.- eapa**ity. 
With this arrangement the ions have fo travel over a di.tance of 
8 cm. before they reach th** pl.it e It, and the object of th** experi- 
ment was to find the time occupied by th** »ava in p.i ..in/ over 
this distance. It was fount! that there was only a very small 
deflection of the, electrometer when the interval between putting 
on the rays and breaking the electrometer circuit was b-s than 
*36 800 ., but when the interval exceeded this value the deflection 
of the electrometer increased rapidly. Thus *3M see. vu: taken as 
the time required for the ions to pass over a di-f.iitee of a nit, 
under a potential gradient, of 2-b lfl volts per cent iruetie. This 
corresponds to a velocity 1*6 cm, /sec. for th** gradient of a volt, 
per centimetre, ami no difference was detected between the 
velocities of the positive ami negative ions. 


Mbthoij II. 

Blast method. Electric force in tfire< thm uf the Wav/. 

30. The difference between the velocities of flu* pn.itive and 
negative ions was discovered hy Zeleuy*. who ha * mad** v**rv 
valuable determinations of the velocities of th** ions in n« elect rift 
field. The method by which he dineovered th** difference of the 
velocities was by finding the electric force required to for**** an ion 
against a stream of gas moving with a known velocity parallel 
to the lines of electric force. Thus supjsme A and ft, Fig. Hi, 

Z Zftleny, Phil. May. v. 4IJ, p. 120, 1S»H. 
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A K 


V »- 


u 




»- 


if 


B 


30] 

represent two parallel plates made of wire-gauze and that between 
these plates we have a stratum of ionised gas, let the gas be 
moving through the plates from A to B with the velocity F, and let 
the potential gradient between the plates be n volts per centimetre, 
B being the positive plate. Then if the velocity of the positive ion 
under a potential gradient of 1 volt per centimetre be u, the 
velocity of the positive ion in the direc- 
tion from B to A is nu — F and this is 
proportional to the number of ions giving 
up their charges to A in unit time. Sup- 
pose now that we make B the negative 
plate, then if the potential gradient be- 
tween the plates is n' volts per centimetre 
and the velocity of the negative ion under 
a potential gradient of 1 volt per centi- 
metre is v , the velocity of the negative 
ion from B to A is n'v — F, and this is 
proportional to the number of negative 
ions giving up their charges to A in unit 
time. 3f we adjust the potential gradients 
so that the rate at which A receives a 
positive charge when B is positive is equal 
to the rate at which it receives a 
negative, we have 

nu — V — n'v — F, 


H- 



Fig. 16. 

negative charge when B is 


or 


u 

v 


VL 

n' 


Thus from the measurement of the potential gradients we can 
determine the ratio u : v. 

The apparatus used by Zeleny for carrying out this method is 
shown in Fig. 17. P and Q are brass plates 9 centimetres square. 
They are bored through their centres, and to the openings thus 
made the tubes R and & are attached, the space between the 
plates being covered in so as to form a closed box; K is a piece of 
wire-gauze completely filling the opening in the plate Q ; T is an 
insulated piece of wire-gauze nearly but not quite filling the 
opening in the plate P and connected with one pair of quadrants 
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of an electrometer fl. A plug ot */lu.< wont < ! out th**dust 

from a stream of jiuk which enter., i li»* \c **t hv t )»*• tube /> and 
leaves it by /»'; this plug has al»o th** « *tf»**'t o] uml.iii" tie \<>liwify 
of flow of the gas uniform aero,.- tie* eeimn of the tube. The 
X-ruvs to moist* fin* gas art* |»r< h 1 I In a Imllt ;*i t >, tin* bulb 
and roil being in a. load eovemd bo\ tit »«*«! with an aluminium 
window through which tin* r.i \ p.<. . ij r niniin toil with one 

polo of a battery of foils, and / * and tin* « »* l*»*f po 1 ** oi tin* hat lory 



connected with earth. When tin* rays am fitouin." I'(j and fh« 
ions are travelling in opposite in the b*i»„, t) »• charges 

they give to P, Q and K am conducted to eatth, while thine they 
give to T gradually change its pot on t ini at an appjir.imatejy 
uniform rate, as long as this potential i.-. . m:dl computed with 
that of Q. When the. distribution of free charge., in the g.», has 
assumed a steady state all the change* in tie* potential of T are 
due to the charges given up by the ton t striking again, t jt. 

The nature of the reading's obtained with t I*i - apparatus are 
indicated by the curves shown in Fig, l*, where tie* mdinufe* 
represent the deflection of the electrometer in » given tim** and 
the abscissae the potential difference in volt,* between the plates 
P and Q. Curve I is for the ease, when the negative ion/, ( mve If 
when the positive ions, are driven against, t he plate. 1 1 v. ill b** .«ee» 
that after a point just above li the curves am for some distance 
straight lines, but that there is a curved portion to the left of //, 
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indicating that some ions are delivered up to the gauze under 
smaller voltages than we should expect. This may possibly be 
explained by irregularities m the air blast, the deflections corre- 
sponding to the part of the curve about A arriving in the lulls of 
the blast. One way of treating the observations would be to 
produce the straight portion of the curves until they cut the 
horizontal axis; in the figure this would happen for Curve I at 
about 50 volts and for Curve II at about 60 , we might then take 
50 volts as the potential difference between the plates which would 



give to the negative ions a velocity equal to that of the blast, 
while 60 volts would be required to give the same velocity to the 
positive ions, so that under fields of equal strength the velocity of 
the negative ion would be to that of the positive as 6 to 5. The 
method actually adopted was different ; the curves were regarded 
as merely a preliminary part of the experiment indicating the 
approximate values of the potential differences to employ in the final 
observations. Thus from the curves in Fig. 18 it is clear that to 
get the same deflection with the positive ions as is got with the 
negative ions for a potential difference of 60 volts, would require 
a potential difference of between 72 and 74 volts ; a careful senes 
of measurements with differences of potential between these values 
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is taken and the true value «>f tin* pnteriti.d found by 

interpolation. When this value, .uppo-e be *‘\.imp!e 7:i-2, had 
been found, the ratio of the velocities o| the m-Mtive to the punitive 
ions was taken as 72*2 : <><>. 


The potential gradient between the plate- w,i foutel to be not 
quite tmifoun owing to the .loeuiitiiiuthin ot ioo bciwe.-ii the 
plates. The actual potential pmdieiil 'A.t me.i tiled and u corrco 
tion applied for the want of uniformity ; lie ' eon**et,*«i, amounted 
to about 2 per cent. The remit" obt lined b\ Xejen-. ,ne v: ven in 
the following table. 

It.vrio op* Vkmmuii;* m Ion-, 




\ jtVftJ i ' * '.In* i*f /( 

\ * J* - t\l II d* 


! Air . . I*2« 

I Oxygen ...**..* « . r J*iM 

! Xifrogt*n J*iW 

, Hydro^n Ml 

i <V>ai g.in I !** 

! Oarlxm . . . . . Hmi 

' Ammonia 

! Ar?i*fyl<*i *♦*. <M»Ha 

5 Nitrogen nionovidi* . 

i 


Thus acetylene is the only gas m which tin* \ »*loe»ty of the 
negative ion is less than that of the positive, auri here t he difference 
is so small that it is within the limits of error of the experiment. 
The gases in this experiment were not specially dried ; we have 
seen that moisture has a gl-eaf, effect in reducing the velocity of 
the negative ion. 

Altberg* lias applied this method wit h ( light modifications to 
determine the mobilities of the ions separately. If A and Jt are the 
two gauze sheets, the electrometer is connected to a portion (' in 
the middle of the gauze A; this portion is separated from the rest 
by a guard ring, so that the ions collected by tin* electrometer 
should move in as uniform a field us possible. The gas was ionised 
by a thin sheet of X-rays admitted through it slit , and t he potential 
gradient needed to balance the speed of the air vu t found. 

I Altberg, Ann. dtr JPAj /*. xlvil. j» MCI, Ililii 
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Method III. 

31. In some later experiments Zeleny 1 has determined the 
absolute values of the velocity of both the positive and negative 
ions. The method he employed was a blast method, though in 
these experiments the blast was at right angles to the lines of 
electric force instead of along them. A method similar to the 
one described above was tried for a considerable time (it is evident 
that if we know the velocity of the blast and the points where 
the straight portions of the Curves I and II cut the horizontal 
axis we can deduce the velocity of both the positive and negative 
ions), but it had to be abandoned owing to the disturbance in the 
distribution of the velocity of the blast caused by the wire-gauze 
which in this method has to be used for the electrodes. 

The theory of the method finally used is as follows. A stream 
of gas flows between two concentric metal cylinders which are 



n 


Kg. 19. 

kept at different potentials, the gas at one place is traversed 
by a beam of X-rays at right angles to the axis of the cylinder ; 
the ions thus produced are carried by the stream of gas parallel 
to the axis of the cylinder, while a velocity at right angles to this 
axis is imparted to them by the electric field. Let CC' , Fig. 19, 
represent a section of the outer cylinder, JDS that of the inner one, 
'dbmn the beam of X-rays ionising the gas. If CC' is at a 

x Zeleny, Phil. Trams. A, 196, p. 193, 1900. 
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higher potential flisui />/>. thru ,* p*».iti\r i«*i* t;>iiin^ from 
d will move along a cuivril f »•* t h l»rtr,.*»M| th«* <*\hu'it»f . finally 
reaching t ho inner cvhmi»*r at *\ jmint K who «> hmh'.ont <1 di-faneo 
from d is um l of tin* <juantiti*'*, noM.'Ui*'*! in th»* ♦* * # x, f h*i 
T his rhsf aim*. A", ran rosily 1 m* »*Kpn* »**l in ?*n rn *»f » m* vrlo* if v of 
thr ion umlrr mill rlrrlrir fnrrr. F<*r h*t ft »irri " l»r o* }Mwtiv<*ly 
the. radii of Mir ouf**r a ml innri cylnnhu , f rr**' ‘intrrrncfc 

between tin* rvlimlrr.i, th**n Mu* imlmi rl»*» fM • Jmhv It »•* .i ijj t,jnr*t* 
r from 1 ho common axis ot ihr r , i ";\«m ir Wr* juafion 

7 , f 

r in*', (A '// * 


thus if v is t liit velocity of tin* iuru uiifh'r uni* «*lrr»nr fojrr, then 
on the, assumption (hut tin* wlnrtty ia piopn? ihm.tl in t }»*• f*h*rtrio 
force wo have, if V is tin* radial wlun** of tin* am nr u iliMaiiru 
r from the axis of tin* evlinders. 

’ r Ar 

/* Joy', ih <h 

If a in the velocity of t Jj«* >j,ts parallel to t ),»• .t v-, of f |,<* »•> Under*, 
which we shall take as tint axis of the *ln;etejiji,d equation to 
the path of the ion is 

tLr u 

dr v 

loj.', (k'lf) ur 
A •' 


hence X the horizontal distance from d at *a hi<-ii the ion .-ttikea 
the inner cylinder is jrivcu Uy fit** equation 

V h*y. (//>) f h ,, 

/* »' / a 

Now2ir / urflr in the volume of %ha which t >;t , ( in unit finis 
• a ' 

between tint cylinders. \V« .shall denote tin,. *ju,»nt;H\ vihich is 

easily measured, by Q; then we have 

«. Injr, (h it} Q 
XnAv ’ 


or 


log. Urn) Q 

2 irA X 


(0* 


Tims if we know X wo can easily determine >\ The time T 
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taken by the ion to pass from one cylinder to the other is given 
by the equation 

r _r s * Mir,* 

I a V Av J a 


- 1 - 2 ! £“<*■—> 

— 7T • • • 


( 2 ). 


These equations apply to ions starting from the inner surface 
of the outer cylinder. In practice the production of ions is not 
confined to the surface of the cylinder but extends throughout 
a layer db reaching from one cylinder to the other. The ions 
which start from a point in db, nearer to the surface of the inner 
cylinder than d, will evidently not be carried so far down the tube 
by the stream as an ion starting from d. Thus the preceding 
equations give us the position of the furthest point down the inner 
cylinder which is reached by the ions. In order to determine this 
point the inner cylinder is divided at K into two parts insulated 
from each other, the part D to the left being connected with the 
earth, while the part B to the nght is connected with one pair of 
quadrants of an electrometer. If a constant stream of gas is sent 
between the cylinders, then when the potential of CC' is above 
a certain value, all the ions from the volume db which move 
inwards will reach DB to the left of K and will not affect the 
electrometer. By gradually diminishing the potential of CC' we 
reach a value such that the ions starting from the outer edge of 
d reach DB just to the left of K , when this stage is reached the 
electrometer begins to be deflected. If then in equation (1) we 
put for A the difference of potential corresponding to this stage 
and for X the horizontal distance of K from d, we shall be able 
to deduce the value of v. 


Corrections. In consequence of the diffusion of the ions, all 
the ions starting from d will not follow exactly the line dK., and 
some of the ions will be found to the right of the line. The conse- 
quence of this is that the electrometer will begin to be deflected 
even when the potential difference A is theoretically sufficient to 
bring all the ions to the left of K ; thus the observed potential 
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difference when the deflect ion* I t***/in I- . Judith too io **y**, and 
therefore the values of r determined l»\ equation ; 1 ; an- a li<(j R 
too small. (Similar effects to those du>* to < i : i ; it • it « n will he p ro> . 
dneed by the mutual repuhmti ol the hhk It i e*. elcjit that the 
magnitude o! these effects will depend upon the time it talas the 
ion to travel between the <s linder.* : if thi i time weje /cm neither 
diffusion nor repulsion would have tin.** to prod m e arn effect* 
thus the longer tin* time taken by the ion ■ to ti.n,e| between the 
cylinders, the smaller would be the value of det» ; mined bvthis 
method. The. time T. as we *ee fiom equation <g,, depends upon 
the velocity of the air blast and the .tr-ni'th id the tHd by 
altering these quantities it i> pa., dih* t», dctein.iin* the cabus of 



v for a considerable, range of values of 7': tin* t.iln*,-. >o found 
decrease, as was to be expected, slightly u-> T tin (.*.<,.•<, the relntiou 
between v and T being found by experiment to be n btn-ai one. 
Curves in which the ordinates were the mine vetoed ic., and the 
abscissa) the time. T went drawn, and tin* rune / which w.»* mitnd 
to be a straight line) prolonged until it cit* the line T u; the 
corresponding value of r was taken a < the j,»me v#*lot »»y. An 
example of such curves is given in Fig. git, the o\ ,u,d ./'a are the 
points determined by actual experiment u The pou.t t at which 
the lines intersect the Hue T 0 give Ms em, ,*.»• foj the Velocity 
of the negative, ion and KM for the velocity of the po. itive, when 
the potential gradient is one volt per cm. 

Smaller corrections have to he applied for the diet ui hunt's in 
the electric field produced by the presence of »» exce. n of ions of 
one sign over those, of the other in different part * of the field. !t 
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was proved by direct experiment that the effects due to surface 
ionisation were not appreciable. 

The apparatus used to carry out this method is represented in 
section in Fig 21. A A' was the outer cylinder; it had an internal 
diameter of 5-1 cm. and a total length of 142 cm. The parts to the 
right of V' and to the left of V were made of brass tubing; the 
part between VV' was aluminium tubing of the same diameter, 
this piece was inserted so as to permit the X-rays to pass through. 
The tubes were fastened together by air-tight joints and placed on 
insulating supports. 



The inner cylinder BB ' was an aluminium tube ; in one set of 
experiments it was 1 cm. in diameter, in another it was 2*8 cm. ; 
the ends of this tube were closed by conical pieces. The tube 
was divided at O and the two portions separated by *5 mm. and 
insulated by ebonite plugs. The tube was supported by the 
ebonite rod Q and by the stiff brass wires Y and Y' which passed 
through ebonite plugs in the outer cylinder, and served to con- 
nect B’ with the earth, and B with one pair of quadrants of the 
electrometer. The electrometer was a sensitive one, giving a 
deflection of 500 soale divisions for a potential difference of one 
volt. The narrow vertical beam of rays was adjusted and kept 
definite by the slits in the lead plates 8 t HH' and LL'. A con- 
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stant and measurable supply of gas was sent through the tube by 
a gasometer. Experiments were made with gases carefully dried 
and with gases saturated with water vapoui. Two series of ex- 
periments were made, one with ail inner tube I cm in diameter, 
the other with an inner tube 2-8 cm. in diameter; the results 
obtained m the one series agreed very well with those obtained m 
the other. 


The values of the ionic velocities obtained by this method are 
given m tlie following table, they have been red ueed to the 
uniform pressure of 760mm. of mereury on the a.- sumption (see, 
p. 126) that the iomo velocity under a given potential gradient is 
inversely proportional to the pressure. 


loxrc Vhi.ocitiks. 


OltH 


Air dry j 

Air moiuli j 

Oxygon dry. ...... ; 

Oxygon moist ..... i 

Carbonic acid dry . j 
Oai borne acid moist! 

Hydrogen dry i 

Hydrogen moist . . . j 


W'iorii ie^> in < in pi r nfi\ 
unfit »r a pofmtwl fluid 

of one volt per cw. 

i 

Positive ions Xe/a live ion 


1 so 

1*87 

1-37 

I *51 

1-30 

I -so 

1*20 

1*52 

*70 

•81 

•82 

•75 

0*70 

7*05 

5*30 

r>*oo 


UafiM 

nl 

T* 

t bit'it i* 


t in ** 

"Jt*t n r 

*i ad 

d" » u **< 

/ ifn* 

v tit 

*** 14*1 


1 *375 

13*5 

Mo 

1 1 

1 *32 

17 

M 8 

Hi 

H*7 

17 *5 

*015 

17 

M0 

20 

1*05 

20 


The intensity of ionisation was alt tired by causing the X-ravs 
to pass through aluminium plates of different thieLm*.^.*--, tint 
ionic velocities wore found to be independent of the intern, it v of 
the rays. 


31*1. With this and other methods where currents of air are u .»*d 

it is necessary to guard against the velocity of the bf.mt vxt ding 

the critical velocity at which, ns Osborne Reynold.: showed, the 
steady flow of the air ceases und is replaced by irregular and 
turbulent movements. 

Stanton and Panned have shown that this change occurs when 
DUp/y) is about 2500, where D is the diameter of the tube, ii the 
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mean velocity, p the density and 17 the viscosity of the gas. For a 
considerable range above this the flow is extremely erratic and 
appears to be quite unstable 1 . At much higher speeds it settles 
down again to a different type of steady flow, in which the velocity 
is nearly uniform across the pipe except close to the walls. This 
occurs when Duply is of the order 2 x 10®. 


31 * 2 . Franck 2 3 4 has used this method to determine the mobility of 
the ions produced when a discharge passes between a tube and 
a very fine wire stretched along its axis. If the wire is very 
fine the electric field is too small to produce 10ns except in the 
immediate neighbourhood of the wire, so that all the ions start 
from close to the wire, and equation ( 1 ), p. 92 , will apply. The 
fine wire which serves as one electrode takes the place of the tube 
BB' m Fig. 21, while the divided cylinder serves as the other 
electrode and the electrometer was connected with one of the 
divisions of the outer cylinder. As the ions are produced by the 
electric field itself, the parts of the apparatus connected with 
the X-rays are not needed; on the other hand, since there 
must be large differences of potential to produce the discharge 
additional precautions have to be taken so as to ensure adequate 
insulation. 

This method gave very high values for the mobilities; for air 
at atmospheric pressure the mobility of the positive ion was 
3*2 cm./sec. for 1 volt per cm. and that of the negative 10*26 cm./sec. 
under the same force. 

Zeleny’s blast method has been modified by Busse3 so as to 
enable it to be used when only a small quantity of gas is available. 

Erikson4 has modified this method as follows. A rapid stream 
of air of the order of 2000 cm./see. is drawn by the fan H (Fig. 22) 
between the plates A and £ of a parallel plate condenser, kept 
at a difference of potential by the battery Q. At O are a number 
of other plates kept at potentials varying in steps from that of 
A to that of B. These are to insure a uniform field. At D is 


1 See Bairsto'w, Report of the Advisory Committee for Aeronautics, 1913—14, p. 42. 

2 JETranok, Ann. der JPhys. m. p. 972, 1906. 

3 Basse, Ann. der Phys. bczvi. p. 493, 1925. 

4 Erikson, Phys. Rev. xxiv. p. 502, 1924, and earlier papers. 
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a radioactive preparation which ionises the air drawn through B. 
The field drives the ions towards Ji and for a certain value of the 
field, ions o£ a given mobility will arrive at F and send a current 




Curve A- refers to negative Ions, curve ( ’!> B u, pmif j ve iom. 

Fig. 23. 

to the electrometer. If this current is plotted against the 
potential between A and B, the existence, of a group of ions of 
definite mobility will bo shown by a hump on the curve. The 
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distance between A and 2? was 3-5 cm. 'With this apparatus 
Erikson has found that the positive ions show two well defined 
maxima (Fig. 23), while the negative only show one. This is true 
both for air ions and for ions formed in C0 2 and drawn into air, 
the results being practically indistinguishable in the two oases. 
By altering the distance DE it can be shown that the two maxima 
for the positive ions are due to ions of different age, the ion starting 
with the larger mobility. Intermediate mobilities axe not found. 
The mobility of the imaged positive ion is the same as that of 
the negative 1*87, while that of the aged ion is 1*36, giving a ratio 
of 1*36. 

It is unfortunate that the speed of air blast used in these 
experiments gives a value of Dvpft 7 of the order of 5 x 10 4 , in the 
worst region of turbulence. There is thus a possibility of large 
eddies regularly formed producing a fictitious maximum, but the 
difference between positive and negative ions described above 
cannot be accounted for in this way, and must be real. 

Method IV. 

Method of determining the velocity by measuring the number of 
%ons sent by a radial electric field to the sides of a tube of given 
length when traversed by a current of gas . 

32. The principle of this method, which has been used by 
Rutherford 1 to measure the velocities of the ions produced by 
uranium radiation, is as follows. Suppose that ionised air is 
blown through a tube along the axis of which there is a wire 
charged positively; the electric field around the wire will drag the 
negative ions into the wire and thus rob the gas of a certain pro- 
portion of these ions ; the number of these ions thus abstracted 
from the gas will depend upon the relation between the velocity 
of an ion in the electric field and the velocity of the air blast. If 
the ionic velocity were infinitely greater than the velocity of the 
blast, all the ions would be abstracted; while if the velocity of the 
blast were infinitely greater than the ionic velocity, they would all 
escape. 

x Rutherford, Phil. Man. v. 47, p. 109, 1899. 
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We see from equation (2), page 93, that /, the time taken 
by an ion to reach the wire, is given by the expression 


"'«• ;; <*>. 

where r is the distance from the axis of the tube of the point from 
which the ion starts, b the internal radius of the tube, a the 
external radius of the wire, A the difference of potential between 
the wire and the tube (the wire being at the higher potential), 
and u 2 the velocity of the negative ion under unit electric force. 
If in equation (1) we put i equal to the time, taken bv the air blast 
to pass from one end of the tube to the other, \\ e see that all the 
ions whose distance from the axis of the tube is less than the value 
of r given by equation (1) will be dragged into the wire: hence if 
p is the ratio of the number of ions drugged from the gas to the 
whole number of ions, we have, assuming that tin*, ions are 
uniformly distributed over the cross-section of the tube, 

r 2 — «* 2 A it -A 

p '~ b*~ « s : ’ (b* -- a-) log, (b!<t) * 

„ p (b* - «*) log. (bfa) 

2 At. ( “ ) * 

The arrangement used by Rutherford is represented in Fig. 21. 


or 



A paper tube coated with uranium oxide was fitted into a 
metal tube T 4 cm. in diameter. A blast of air fr«mi a gasometer, 
after passing through a plug of cotton-wool C to remove the dust, 
passed through a long metal tube. Alt eonneeted with the earth; 
into this tube cylindrical electrodes A and It were fastener! by 
insulating supports so as to he coaxial with the tube. The elec- 
trode A was charged up by a battery, ami the eleetrode It was 
connected with one pair of quadrants of an electrometer. If ft 
were charged initially to a potential of the. same sign as A 
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(suppose positive) large enough to saturate the gas, then the rate 
of leak of the electrometer when the air blast was passing would 
measure the number of negative ions which escaped being dragged 
into the electrode A; by comparing the rate of leak when the 
electrode A is not charged, with the rate when it is charged to a 
known potential, we can determine the value of p in equation (2). 
Rutherford did not use this arrangement to measure directly the 
velocity of the ions produced by the uranium radiation, but proved 
by means of it that the velocities of these ions were the same as 
those of the ions produced by X-rays. For this purpose, 
after measurements of p had been made with the uranium cylinder 
in place, this cylinder was removed and replaced by an aluminium 
one exposed to X-rays, the strength of these rays being 
adjusted so that the amounts of ionisation in the two cases were 
approximately equal; measurements of p were then made with 
the X-rays on and were found to be identical with those 
obtained when the ionisation was produced by uranium radiation, 
thus proving that the ionic velocities are the same in the two 
cases. 

The method, with various modifications, has been used by 
G-erdien 1 , by Mache 2 and by Becker 3. Kohlrausch 4 has pointed 
out the importance, when the velocity of the stream depends on 
the distance from the axis, of the condition mentioned above that 
the ions should be uniformly distributed over the cross-section of 
the tube. This is liable not to be true if the ionisation is produced 
by radiation. 

33. A method which is the same in principle as this was 
first used by M°Clelland to measure the velocities of the ions 
produced by flames 5 , and by arcs and incandescent wires 6 : the 
results of these experiments showed that the velocity of the ions 
diminishes very greatly when they get into the cooler parts of the 
flame, s ug gesting that there is a rapid condensation round the 

x H Gerdien, Phys. Za. iv. p. 632, 1903. 

s H. Mache, Phys. Za. iv. p. 717, 1903. 

3 A. Becker, Ann. der Phys. mi. p. 98, 1910; xzzvi. p. 209, 1911, 

4 EL W. F. Kohlrausch, Wiener Per. emu, p. 1929, 1914. 

5 McClelland, Phil. Mag. v. 46, p 29, 1898. 

6 McClelland, Pros Corrib. Phil. Soc. z. p. 241, 1899. 
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ions of some of the products of combustion in the flume The 
diminution of velocity is clearly shown m the following table given 
by McClelland. 


Distance of point wheie 


Wlofit e of ion under 

velocity was measured 

Temperature at tins point 

a fore** of one \oIfc ! 

from the flume* 


J»*i oenl izfiftie 

5*5 cm. 

2:mr. 


10 cm. 

ir>or 

-21 <*tn. ' i*<* j 

14*5 cm. 

lo-vr. 

*01 cm 'see. • 


Those velocities are all of them small compared with the 
velocities of the ions produced by X-rays or by radioactive 
substances. Tn the case of the ions from Humes, as m ofhej cases, 
the negative ions move faster than the positive. McClelland 
applied the same method to the determination of the velocities 
of the ions produced by arcs or incandescent wires; he found in 
these oases the same variability in the velocity as he had pre- 
viously observed in the ions from flames; in the case of the arcs 
and -wires, however, he found that the hotter the flame or wire the 
smaller the velocity of the ion. We shall return to the considera- 
tion of these phenomena when wo discuss the electrical properties 
of flames and arcs. 

.Mkthoi> V. 

Determination of the ionic velocities by means of an alternating 

elect rie field. 

34. This method, which in its original form cun only be applied 
when the ionisation is confined to a thin layer of gas, and when 
moreover all the ions are of one sign, is a very convenient and 
accurate one. It was used by Rutherford 1 to determine the 
velocity of the negative ions which are produced close to a 
metallic plate when that plate is illuminated by ultra violet light. 
The principle of the method is as follows. AH ( Fig. 2b) is a 
horizontal plate made of well-polished zinc, which can be moved 
vertically up and down by means of a screw ; it is carefully in- 
sulated, and is connected with one pair of quadrants of an elect ro- 

X Euthorfoul. Proa. (Jamb. Phtl. flue. ix. p. till, IHitft. 
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meter, the other pair being connected with the earth. CD is a base 
plate with a hole EF cut in it; this hole is covered in with fine 
wire-gauze, ultra-violet light from the source S passes through the 
quartz plates Q x , Q z , and this gauze, and falls on the plate AB. 
CD is connected with an alternating current dynamo or any other 
means of producing an alternating difference of potential pro- 
portional to a simple harmonic function of the time , the other 



pole of this instrument is put to earth. Suppose now that at any 
instant the potential of CD is higher than that of AB; the 
negative ions at AB will be attracted towards CD, and will 
continue to move towards it as long as the potential of CD is 
higher than that of AB. If however the potential difference 
between CD and AB changes sign before the negative ions reach 
CD these ions will be driven back to AB, and this plate will not 
lose any negative charge. AB will thus not begin to lose negative 
electricity until the distance between the plates AB and CD is 
less than the distance passed over by the negative ion during the 
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time the potential of CD is greater than that of AH. The 
distance between the plates is altered until AIi just begins to lose 
a negative charge, then if we know this distance and the frequency 
and maximum value of the potential difference we can deduce 
the ionic velocity of the negative ion. For let the potential 
difference between CD and AH at the time t be equal to a sin pi; 
then if d is equal to the distance between these plates, the elect uc 
force is equal to {a/d) fan pi, and if it is the velocity of the ion 
under uni t electric force, the velocity of the negative ion in this 
field will be 

u (tt/d) sin pi ; 

hence if % is the distance of the ion from the plate All at the time 
l wo have 


dx _ vn 
fit ~ d 


sin pi. 


It' V / • jN 

or x- (l - cou pt), 

if a; = 0 when t — 0. 


Thus the greatest distance the ion can get. from the plate All 
is equal to 2 uajpd. If the distance hel ween t he plates is gradually 
reduced, the plate AH will begin to lose a negative charge when, 


. 2ua pd- 

d- - f , or u 

pd 2a 


■(I). 


Hence if we measure p, a and d we can determine a. 


In this way Rutherford found the following values for the 
velocities, under a potential gradient of 1 volt per cm. of the 
negative ions produces! by the incidence of ultra-violet light on 
a zinc plate, in dry gases at atmospheric pressure. 


j (nilH lotliV 

\ 


' Air „ 1-4 fin./ 

* Hydrogen 3-0 cm 

* Carbonic acid.. •7Kexii./M*e« 


These values differ but little from those obtained when the 
ionisation was produced by X-rays. 
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Rutherford found that the velocity of the ions was independent 
of the metal of which the plate AJB was made; and he proved by 
this method that the velocities of the ions under a constant 
potential gradient vary inversely as the pressure, at any rate 
down to pressures of 34 mm. of mercury, which was the lowest 
pressure at which he worked. 

34*1. The electromotive force between the plates need not neces- 
sarily be represented by a simple harmonic term ; we may use the 
electromotive force from a battery of storage cells and reverse 
it periodically by a rotating commutator or by a tuning fork 
interrupter. If d is the greatest distance between the plates when 
the electrometer receives a charge, 

d = k 

if 0 to T covers the whole of the time during which the force acts 
in one direction If the force is reversed by a commutator this 
should be designed so that there is no considerable interval during 
which the ions are free from electric force of one sign or the other, 
for m this interval ions might diffuse towards the plate connected 
with the electrometer and thus when the force is next applied 
have a shorter distance than d to travel before they reach the 
plate. Lattey 1 used an arrangement of this kind for measure- 
ments at low pressures. Bowman 2 has devised for this purpose 
a method of producing by means of triode valves, an electromotive 
force which is nearly constant in magnitude and periodically is 
reversed in sign. 

Method V (a). 

34*2. This method has been modified by the following device 
introduced by Franck and Pohl3. The upper plate is made of wire- 
gauze and the ionisation is confined to a layer of gas AB, CD (Fig. 26) 
above this plate. This layer can be ionised by X-rays or by rays from 
radioactive substances (polonium is very suitable for this purpose). 
The number of ions produced by either of these means is propor- 
tional to the pressure of the gas, and at low pressure there may be 

x B. T. Lattey, Proe. Boy. Soc. A, Ixxxiv. p. 173, 1910. 

s L. L. Bowman, Phys. Rev. (2), xxiv. p. 31, 1924. 

3 Pranok and Po&l, Per. dear Devi. PJtya. Ota. ix. p 69, 1907. 
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too few ions to produce any effect on the electrometer. In such 
cases it is advisable to place in the region above the gauze a st np of 
platinum heated by an electric current., and coated with calcium or 
barium oxide if negative, or with aluminium phosphate if positive 
ions are desired. A small constant difference of potential is main- 
tained between AB and CD so as to cause positive or negative, ions 
to trickle through the gauze. An alternating electromotive force 
is applied between AB and the plate, connected with tin* electro- 
meter as before. With this or the following method the mobilities 
of the ions may be determined in gases of which only a small 
quantity is available. It is also suitable for determining the 
variation of mobility with pressure. 


r Constant P.D. 

\ Alternating P. D. 


' >To Electrometer 

Fiji »} 

Loeb 1 has shown however that the method is open to objection 
owing to the lines of force due to the. potential difference between 
AB and CD spreading out through AB and disturbing the electric 
field through which the ions have, to pass. The values found for 
the mobility depended on the potent ial difference between AB 
and CD. 

M union VI. 

Langsvin’s mat hod of measuring the priorities of the ions. 

35. Langevin* has devised a method of measuring the 
velocities of the ions which has the advantage of not requiring 
the use of a uniform source of X-rays. The 1 henry of the method 
is as follows. Suppose that we. ionise., say hv X -rays, the 
gas between two parallel plates A and B, then stop the rays and 

1 Loeb, Phys. Meu. xxi. p. 720, 1 02$; w-e alw> f J. Kiifmu'rw-hi-t't, ibid. p. 721. 

2 La ngevin, Ann. da Chimin al tie Phi/.iqi'i', t. xwiii. j>. SHU, IWKl. 
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apply a uniform electric field to the region between the plates. 
If the force on the positive ion is from A to B the plate B will 
receive a charge of positive electricity. After the field has been on 
in one direction fora time T, reverse it; B will now begin to receive 
negative electricity and, if the force is not reversed again, will 
continue to do so until the ions are exhausted. If w is the 
number of ions of one sign per unit volume between the plates 
when the rays are cut ofi, X the electric force, kx, k 2 the velocities 
of the positive and negative ions respectively under unit electric 
force, then during the time T the plate B will receive per unit area 
n\XT positive ions, supposing the field to be so strong that the 
loss of ions by recombination may be neglected, and also that 
k x XT is less than l, the distance between the plates. The number 
of negative ions which in this time have gone to A is nk 2 XT 
provided k 2 XT is less than l, so that the number of negative ions 
left between the plates is n (l — k 2 XT) and these when the field is 
reversed are driven to B. Thus if Q is the positive charge 
received by each unit area of the plate B, 

Q = nk x XT — n (l — k 2 XT) = n (k x •+■ & 2 ) ATT 7 — nl, 
provided both k x XT and k 2 XT are less than l. 


This will hold until T is equal to the smaller of the two 
ll 

quantities ^ , k~X ’ ^ g iea '* ier than k x the second limit will 

be reached first; when this limit is passed there are no negative 
ions left to be driven against B when the field is reversed, thus 

Q = nk x XT; 

this will hold until T = ljk x X; for this and greater values of T, 

Q — nl. 


Thus when k 2 > kx 

Q = e {n (&! k 2 ) XT — nl}; T < ljk 2 X; 

Q = enk^XT; T > Ijk^X, < ljk x X ; 

Q = enl, T > l/k 2 X, > lJk x X ; 
while if > k 2 we see that 

Q = e {n (k x + k 2 ) XT — nl } ; T < ljkxX ; 

Q = e {nl — n(l — k 2 XT)} = enk 2 XT ; T > ljk x X, < l/k 2 X ; 
Q = enl; T > ljk 2 X. 
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Thus if we represent the relation between Q and T graphically, 
the curves will be portions ot straight hues as in Fig. 27 inter- 
secting at the points corresponding to T -1/fcjX, T Ijk-,X ; if 
we find these points of intersection we can deduce the values 
of Z/j_ , * 



Fig. 27. In curve I the electric force w inifiullv from A to Jt t 
In curve II from it to .{. 

In consequenco of inequalities in the ioui-inticm between the 
plates, and from the recombination and diffusion of the ions, the 



Fig. 28. 

curve obtained in practice does not consist of three straight lines, 
but of three curves which intersect at well defined, nicks; an 
example of such a curve is shown in Fig. 2H, which is taken from 
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Langevin’s paper. If k x = k a two of the racks coincide. If we had 
a mixture of different gases with several kinds of ions, there would 
be a nick corresponding to each positive ion and also one corre- 
sponding to each negative ion. 

35*05. In the preceding investigation we have supposed that 
the ionisation was uniform between the plates; let us now consider 
the more general case when the ionisation is variable. Suppose 
that originally A is charged positively. 

During the time T, B will receive all the positive ions which 
were originally in the layer of gas between B and L, where 
BL — k^XT; during this tune the negative ions in the region 
between A and M, where AM =k% XT, are withdrawn from the 
gas, and after reversal the negative ions between B and M are 
driven to B. The total negative charge received by B will there- 
fore be the charge on the negative ions which were originally 
between L and M. After L has crossed M the charge received 
will be positive and equal to the charge on the positive irmp 
between L and M. Take the case when the velocity of the 
negative ion is greater than that of the positive, so that M reaches 
B before L reaches A. The rate of increase of Q with T just before 
M reaches B will be n B k 2 + n L k x , where n B and n L are the densities 
of the ions at the plate B and at L ; just after M has reached B 
the rate of increase is n L k X) thus the change in angle at the nick 
R will be n B k z and thus proportional to the density of the ionisation 
at the plate B. Again, just before L reaches A the gradient of 
Q will be njk Xt while just after it will be zero. Thus the sharpness 
of the nick S will be proportional to the density of the ions at A. 
The sharpness of the nicks depends essentially upon the initial 
densities of ionisation at the plates, though the ‘position of the 
nicks 22 and S does not depend upon the distribution of the 
ionisation. If the changes in the initial distribution of the 
ionisation are very abrupt, there may be nicks in the Q and T curve 
due to this distribution in addition to those we have been con- 
sidering. Thus if the ionisation were confined to a very thin 
layer at a distance from B and d % from A, the curve would have 
the form shown m Fig. 29 with nicks at tames corresponding to 
d-Jk^X and d^k^X, while those corresponding to R and S would 
disappear. 
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If instead of reversing the field in tins case we applied an 
alternating potential represented by A' 0 cos pt, and plotted the 
values of Q against AT 0 , we should get a curve of the type, of that 
in Fig. 29 with nicks at O, (J, D corresponding to A' 0 tl l p//,‘ 2 , 
diP/k-i, dzjjjikz, supposing these to he in ascending order of 
magnitude, m this way we might determine /,*, and / 2 . A it, 0 
the force on the positive ions is supposed to act towards B. 



Fig. 211. 


Phillips in his experiments on the effect of temperature on 
the mobility 1 increased the sharpness of the nicks by localising 
the ionisation to the neighbourhood of one of the plates. Thus 
suppose the ionisation were 
confined to an exceedingly & 
thin layer close to the plate B. 

The curves (I) and (II) of 
Fig. 27 will now resemble (1) 
and (II) of Fig. 30. In (I) the 
nick at R is exceedingly sharp 
and enables us to determine 
k t , while in (II) B is sharp and 
gives the value of Jb x . lie also made the method a null method 
to some extent, by connecting one quadrant of his elect rounder 
to B, the other to one electrode of a condenser ionised bv the 
same flash of X-rays, and arranged to balance the con- 
denser when the field was reversed if the interval before reversal 
was very large. 

i Phillips, Proc, Roy* Soc . lxxviiL p 1*17, 1WMI 
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Method YU. 

Tyndall and, Orindley’s method of measuring the 
velocities of the ions. 

35*1. Tyndall and Gnndley 1 have made a large number of 
measurements of mobility, using the following method. 



A and B are two parallel metal plates. A is connected with 
one pair of quadrants of an electrometer, B through a commutator 
with a battery of storage cells; thus there is a uniform electric 
field between A and B which is sometimes in one direction, some- 
times in the opposite. A flash of ionisation is produced near B 
by a strip of polonium placed on a rotating wheel on the same 
shaft as the commutator. When the apparatus was used to measure 
the mobility of negative ions, the flash was arranged to occur 
shortly before the end of a period when the electric force tended 
to make the negative ions move towards B, and the positive ones 
towards A. On the reversal of the field, if this occurs soon enough 


x Tyndall and Grindley, Proc. Roy. JSoo. A, ox. p. 341, 1926. 



112 MOBILITY OF ION'S [35*1 

after the flash, the positive ions are dragged hark to B, and those 
negative ones which have been left in the field are driven towards 
A, which they will all reach if the field remains in this direction 
long enough. If the field reverses again before all t he negative ions 
have reached A, those which are left will be dragged back to ft, 
and the commutator is arranged so that the time the field drags 
negative ions back is greater than that during which it pushes 



them forward, so that the space, between A and It is cleared of 
negative ions before the next flash of ionisation occurs. The 
interval between the flash of ionisation and the reversal of the 
field, the time the field pushes the negative ions towards A, and 
that during which it drags them back again, arc nl! proportional 
to the time occupied by one revolution of the commutator. If 
this time is very large all the negative ions produced by the 
flash will be drawn into B before the field is reversed, ho that 
no negative ions will reach A. When fin* time of rotation is 
diminished, sonic of the negative ions will eseujw* being dragged 
into B and will reach A before the field is reversed; as this time 
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diminishes the number of negative ions will at first increase, but 
will begin to fall off when the time the field acts in the direction 
B to A is not sufficient to allow all the negative to reach A before 
the field is reversed. When this stage is reached the number 
reaching A will fall off very rapidly, as the time of rotation of 
the commutator diminishes. As the number of ions reaching A 
vanishes when the time of rotation is zero and when it is infinite 
there must be some speed when the number is a maximum: this 
will depend upon the mobility, so that it may be used to determine 
this quantify. 

A first approximation to the relation between the mobility 
and the time of rotation may be obtained as follows. Let us 
suppose that the ionisation is confined to a thin layer near B t 
whose thickness is 7i. Let T be the time of rotation of the commu- 
tator, 'pT the interval between the flash and the reversal of the 
field, X the force between the plates, the mobility of the 
negative ions; then before the field is reversed the negative ions 
can travel towards B through a distance pTk^X\ hence if pTkyX 
is greater than h all the negative ions will be driven into B g-T><f 
none will reach A. If, however, pTkyX is less than h, a number 
of negative ions proportional to h — pTJc x X will be left over 
and these will all be driven into A, provided l the distance between 
the plates is less than qTJc^X, where qT is the time the force acts 
in the direction from B to A ; if qThyX is less than l, no negative 
ions will reach the plate. Hence N, the number of negative ions 
reaching the plate for one flash of ionisation, will have the 
following values: 

N — 0, when T > 

N = 0, when T < 

N proportional to h — pTk x X foT values of T between these values. 

Hence the graph representing the relation between N and T 
will have a sharp maximum when 

T l — 

X qkiX' 

If there are negative ions of different kinds, the graph will be 
got by superposing several graphs of this type and will have 

8 


h 

pl^X’ 

l 

qKX' 


TCE 
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several maxima. This method would not detect electrons among 
the negative ions, for these move so quickly that they would all 
he dragged into B before the field is reversed. 



Tyndall and Grindley plotted the charge received by A against 
the number of revolutions per second, which is inversely propor- 
tional to T. Some of those graphs arc represented in Fig. 3!!; 
the three graphs are for negative ions in air of different humidities. 
The mobility of both positive and negative ions was found to 
diminish with increasing humidity. They also confirmed Krikson’s 
result that the positive ions decrease in mobility on ageing, and 
find that the rate of ageing is more rapid the drier the air. With 
this method an accuracy of the order of 1 can be reaehed. 
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Method VIII. 

35*2. When the ionisation is localised in a very thin layer of 
intense ionisation close to one of the electrodes, or when the 
electrodes themselves emit ions, the mobility can be determined by 
measuring the current produced by a known potential difEerence 
between the electrodes; the mobihty k is (seep. 208) given by the 
expression 



where V is the potential difEerence between tbe plates, l their 
distance apart and i the current per unit area supposed small. 

This method has been used by Rutherford, Child, G-arrett, 
ELovank and others; it has not however given satisfactory results, 
except at high pressures. 

Method IX. 

Revol'mng slit method. 

35*3. Laporte 1 has used a method based on the following 
principles. A flash of ionisation from a strip of polonium passes 
through a radial slit in a circular disc A which rotates about a hori- 
zontal axis; another parallel disc B mounted on the same axis has 
also a radial slit cut m it making a finite angle with the radial slit 
in A. A uniform electric field is maintained between the discs A 
and B. The ions going through the slit in A would not be able to get 
through the one in B and reach a plate behind it, connected with 
an electrometer, unless the time taken by the ions to move from 
one plate to another is just equal to the time taken by the discs 
A and B to rotate through the angle between the slits in A and B. 
Thus if the slits were exceedingly narrow and there was no diffusion 
of the ions, the electrometer would only receive a charge when 
the speed of rotation had a particular value depending on the 
time the ions take to travel from one plate to another, and therefore 
upon the electric force between the plates. When the speed of 
rotation and the electric force is known the mobility can be 
deduced at once. In this case the graph representing the relation 

x Laporte, Thesis for Doctorate, Pans, 1927. See also Gomptes Rendue, 
cLxxii p. 1028, 1921; dxxxu. pp. 620, 781, 1926; olxmii. pp. 119, 287, Ann de 
Phys. yin p 466, 1927. 

8-a 
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the resultant direction of motion makes with Z, then since the 
side force due to the magnetic field is eW .11, and that due to Z 
is Ze, we have tan 6 — HWjZ, assuming the resultant velocity to 
he in the direction of the force. The apparatus used is shown in 
Fig. 36. The ions are released from the plate A hy photoelectric 
action, pass through a small slit in the plate B and then come 
under the influence of the main electric and magnetic fields. In 
order to make the electric field as uniform as possible, the rings 
R are maintained at potentials varying step by step from that of 
B to that of R 0 which was earthed. In the plane of R 0 were three 
insulated segments c l3 c z and <% as shown, each of which could 



be connected in turn with the electrometer. In the absence of 
the magnetic field the current received by c t would he equal to 
that received by a,, both being usually small. Tn the presence of 
the magnetic field the ions are deflected to one side, say and 
the field can be adjusted so that the current received hy r, is 
equal to that received by c a ami c a connected together. When 
this is the case the centre of the ionic stream has moved from 
the centre of c 2 to the middle of the gap between e, and r 2 , and 
the value of 6 can readily be found . The method was only used 
for pressures below 20 mm. At these low pressures \y no longer 
simply proportional to Z for the fields used, so that the ‘mobility’ 
ceases to have a definite meaning. 
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Method XI. 

Chattock’ s method of measuring the velocities of ions produced by 
the discharge of electricity from a sharp point . 

36. The preceding methods would he very inconvenient in 
the case when the electric field is as strong, and the velocities 
of the ions therefore as great, as they are when electricity is 
discharging from a pointed conductor. For this case, in which 
the ions at some little distance from the point are all of one sign, 
Chattock 1 has devised a very ingenious method by means of which 
he has been able to measure the velocities of these ions. The 
principle of the method is as follows. Let P represent a vertical 


A 


B 

Fig 37. 


needle discharging electricity from its point into the surrounding 
air; consider the force acting on the ions included between two 
horizontal planes A and B, Fig. 37. If Z is the vertical component 
of the electric intensity, p the density of the electrification, the 
resultant force F on the ions included between A and B is vertical 
and equal to 



If the velocity of the ion under unit electric force is u, then w 
the vertical velocity of the ion is equal to uZ. If all the ions are 
of one sign so that u is the same for all the ions, we have, since 
Z = wju. 


F = i J jjwpdxdydz . 


X Chattock, Phil Mag v. 48, p. 401, 1899: Chattock, Walker and Dixon Phil. 
Mag. vi. 1, p 79, 1901. 
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Since the ions are all of one sign JJpwdzdy is tlie quantity of 

electricity streaming across a horizontal plane in unit time ; this 
is the same for all horizontal planes, and is equal to i, where i is 
the current of electricity flowing from the needle-point; lienee we 
have 

whore z IS — z A is the vertical distance between the planes A and B. 
This force F must be balanced by the difference of the gaseous 
pressures over A and B, hence if p v and p A denote respectively 
the total pressures over the planes A and B we have 

F « - 7>a , 

and hence u — - Z ‘- ( 1 ). 

Vn - Va 

Thus, by the measurement of these pressures and of the current 
flowing from the point (the latter measurement is easily made by 
inserting a galvanometer in series with the needle-point), we can 
deduce the value of u. 

The apparatus used by Ohattock to carry out this method is 
represented in Fig. 38. The discharging needle is supported in u 

E 


A 



Vis'- 3s. 


narrow sliding glass tube drawn out at the end It; it discharges to 
a ring A made of smooth metal ; the needle and ring are enclosed 
in a wide glass tube E, the ends of which are connected by tubes 
Tj and T 2 with the ends of a U-tube pi ensure gunge containing 
water; the ring A can be moved along the tube by means of a 
screw. In this apparatus, since there is no current to the left of 
the ring or to the right of the point, if we put z u — s., equal to z, 
the distance of the point from the ring, and if o> is tint difference 
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of pressure in dynes per sq. cm. measured by the pressure gauge, 
A the area of cross-section of the tube, then 

Pb - = u>A + p', 


where p' is the part of tl 
We have, by equation (1), 




co — 


Au 


z 


P_ 

A • 


It was assumed that when the point was a considerable distance 
from the nng p' became independent of z ; on this supposition we 
have, if A to, A z are corresponding changes in co and », 

A to i 

Az Au* 


and it was from this relation that u was calculated Chattock 
found for the velocities of the negative and positive ions in air 
under a potential gradient of a volt per cm. the values 1*8 cm./see. 
and 1*38 cm./sec., which agree well with those found for the ions 
produced by X-rays, and we conclude that the ions in the 
two cases are the same. In the second paper Chattock extends 
the method to hydrogen, oxygen, and carbonic acid as well as air, 
and again finds close agreement between the velocities of the ions 
produced by the point discharge and those produced by radio- 
active substances. He points out that while the determinations 
of the ionic velocities of the positive ions showed in all gases great 
consistency, considerable variations which could not be attributed 
to errors of experiment were found in the values of the velocities 
of the negative ions. This was especially the case in hydrogen, 
where the values of the ionic velocity of the negative ion varied 
from 6-8 to 8-5 ; in the other gases the variation is not so marked. 
Chattock ascribes this variation to the gases occluded by the 
discharging point; when this point is negative some of these 
occluded gases are given o£E and help to carry the discharge, and 
as the velocity of the hydrogen ions is very large compared with 
that of other ions, it is urged that a small admixture of other 
more slowly moving ions might produce a considerable lowering 
of the average velocity. When the point is positive the occluded 
gas is supposed either not to be given off, or if given off, not to 
take any part in carrying the discharge. The values obtained for 
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the velocities of the ions produced by the point discharge were 

H” “ ^ 

as follows; u, u denote the velocities of the positive and 
negative ions respectively under an electric force of a volt per 
centimetre. 


Gas 

t- 

71 

n 

* i 

i 

| 71 ju 

\ 

Hydrogen . » . 

5 4 

7 43 

1 i :\h 

Carbonic acid 

0 83 

0 025 

i i u 

Air 

1 32 

1 80 

K*C> 

Oxygon — * 

1*30 

1 85 

! 1*42 


36*1. Ratner 1 has used a method depending on the same 
principles to measure the mobility of ions from salts heated on 
platinum. The ions are driven by the electric field through a parallel 
plate condenser with gauze plates. The reaction of the air is 
transmitted through the gauze to a special pressure gauge. 
Only relative values can be found, the positive ion at atmo- 
spheric pressure being taken as standard. 

Franck 2 determined the velocity of the ions from a point 
discharge by a modification of Method V. The point was placed 
in a closed vessel above a hole in a plate A, the electrometer 
was connected with a parallel plate B ; an alternating potential 
difference was applied between A and B and adjusted so that the 
ions just reached the plate B, the mobility of the ions was then 
calculated by equation (1), p. 104. For air Franck found 

v"! -- 1*34, u --- 1*79. 

EXPERIMENTAL RESULTS. 

37*1. The mobilities of the ions in different gases, as far as they 
have been determined, are given in the following table, for most of 
which we are indebted to Professor Fulcher. It will be seen that 
there is a considerable divergence between the values obtained by 
different observers, suggesting that the mobility may be afbwled to 
the extent of several per cent, by circumstances such as the purity 

1 Ratner, Phil. Mag. v. 32, p. 441, 1016. 

2 Fianck, Ann. der Phyjt. xxi p. 072, 1 90S. 
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Gas 

M 

Observer 

u 

u 

Method 

Air 

29 

Zeleny . . 

1900 

1 87 

1*36 

hi 



Langevin 

1903 

1 70 

1-42 

VI 



Phillips . . 

1906 

1 79 

1 39 

VI 



Blanc 

1908 

2*00 

1 27 

V 



Wellisch . . 

1909 

1 78 

164 




Lattey . . 

1910 

— 

147 




Wellisch . . 

1916 

1*93 

1*23 




Franck and Pohl 

1907 

1-79 

■PI 

V 



Dempster 

1912 

2 20 


V 



Kovank . . 

1912 

1-89 


VIII 



Rothgieser 

1913 

1-93 

1-33 

V 



Tyndall and Grindley 1926 

2-16 

— 

VH 



~RVil^flnn 

1924 

1-87 

jl-87 

jl-36 

m 



Ohattock 

1899 

1-80 

138 

XI 



Chattock, Walker 







and Dixon 

1901 

1-80 

132 

XI 



Franck . . 

1907 

1-79 

134 

V 



Kovarik . . 

1910 

2-04 

i 

V 



Hughes . . 

1910 

? 


— 



Todd 

1911 

— 

1-36 

V 



IiOob • • ■ • 

1923 

2-18 


V 



Probable mean 

a 

1-36 

■ 

BE 

2 

Zeleny . . 

1900 

7*96 

6*70 

III 



Chattock, Walker 







and Dixon 

1901 

7-43 

6-40 

XI 



Franck and Pohl 

1907 

7*68 

6-02 

V 



Blanc 

1908 

(10-00) 

6-33 

V 



Franck . . 

1909 

— 

6-21 

IV 



Chattock and Tyndall 1910 

7*6 

6-8 

XI 



Todd 

1911 

— 

5-30 

V 



Lattey and Tizard 

1912 

8 12 

5-10 

V 



Ratner . . 

1912 

— 

6-66 

V 



Kovank . . 

1912 

8 19 

6-20 

VI 



Rothgieser 

1913 

8-26 

6-91 

V 


Ioniser 

X-rays 


a-rays 

» t 
.. t 

99 

99 

99 


Point discharge 

99 99 


Ultra-violet light 


Heated aluminium 
phosphate* 
Ultra-violet light 



X-rays 

Point discharge 

a-rays 

X-rays 

Recoil atoms 

Point discharge 

Heated phosphate* 

X-rays* 

Recoil radiation 
atoms RaB 
a-rays f 

99 » 


M. = molecular weight. * Low pressures. 


■f High pressures. 
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Observer 

H 

n 



co 2 

44 

Zelcny 

1900 

8L 

*76 

in 

X-rays 



Cliattock, Walker 








and Dixon. . 

J 903 

92 

*83 

XI 

Point discharge 



Langovm 

3903 

*90 

•86 

VI 

X-niys 



Blanc 

3908 

1 03 

*83 

V 

99 



Wellisch 

3909 

*85 

*81 

VI 

99 



Todd 

3911 

— 

*99 

V 

Heated phosphate 



Kovarik 

3910 

101 

— 

V 

l'ltra-\ iolet light 



Lattey and Tizard 1012 

1 05 

•84 

V 

X-rays 



Rothgieser . . 

1913 

•99 

*76 

V 

<i-i ays 



Mean value 


•98 

•84 

— 


o 2 

32 

Zelcny 

1900 

1*80 

1*36 

ill 

X-rays 



Ohattook, et<i. 

1901 

1-85 

1*30 

XI 

Point discharge 



Franck 

1910 

1-79 

1*29 

V 

*«-rays 



Mean value 


1-80 

J 31 



Ho 

4 

Franck and Pohl 

3907 

6*31 

i 5*09 

V 

a-rn\ H 





to 500 

5*09 

V 

„ ( pun- gas; 

N* 

28 

Franck 

1910 

1*8-4 

1*27 

V 

a- rays 





to 145 

1*27 

V 

„ (pure gas) 

n 2 o 

44 

Wellisch .. 


0*90 

0*82 

VI 

X-rays 

CO 

28 

Wellisch .. 

1909 

1*14 

M0 

VI 


so 2 

64 

Wellisch 

1909 

-41 

(>•44 

VI 




Todd 

3911 

— 

0-57 

V 

Healed phosphate 



Wellisch 

1917 

•41 

*41 

V 

«-rays 



Yen 

3938 

*41 

*41 

V 


CH* 

30 

Todd 

1911 

— 

I 84 

V 

Heated phosphate 

Ar 

40 

Franck 

1910 

1*70 

I 37 

V 

«- rsi} s 





to 200 

1*37 

V 

t, t pure gar.) 


of the gas, the age of the ion, the method of ionisation and other 
conditions which would naturally be different in different- experi- 
ments and which, if their influence were not suspected, might not 
have been specified. 

The measurements in the above table were made at the ordinary 
room temperature. In case measurements were not made at 7(30 nun. 
they have been reduced to 700 by multiplying by p/700. The 
gases were dried by the ordinary methods hut contained, no 
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doubt, traces of moisture. For the effect of the complete removal 
of moisture and other impurities, see p. 133. 

It is seen that the mobility of ions formed by X-rays, a-rays, 
point discharge and heated alu minium phosphate is the same. 
The results obtained with the various methods are concordant, 
though rather surprising variations occur between the results of 
different observers. 

The following table of results for various vapours is taken 


Gas 

u 

-*■ 

'll 

Author 

Ammrmifl. 

0-80 

0-74 

WeUisch 

Ammonia 

0 66 

0-56 

Loeb 

Ethane 

1-30 

— 

Wahlm 

Methylene 

0 91 

— 

Wahlrn 

Pentane 

0 36 

0-36 

Wellisch 1909 

Pentane 

0-452 

0*38j 

Yen 

Methyl aleohol 66° 

0 38 

0-37 

Przibram 

Ethyl alcohol 

0-27 

0-34 

Wellisch 1909 

Ethyl alcohol 

0-41 

0-39 

Welhsch. 1917 

Ethyl alcohol 

0-37 s 

0*36 s 

Yen 

Ethyl alcohol 79° . . . 

0-35 

0-34 

Przibram 

Propyl alcohol 97° . . . 

0 22 

0-22 

Przibram 

Isobutyl alcohol 105° - 

0-21 

0-21 

Przibram 

Isoamyl alcohol 130° . 

0 23 

0-19 

Przibram 

Ethyl formate 

0-31 

0 30 

Wellisch 1909 

Methyl acetate . . . . 

0-36 

0-33 

Wellisch 1909 

Methyl acetate 58° . . 

0-24 

0-19 

Przibram 

Ethyl acetate 

0 28 

0-31 

Wellisch 1909 

Ethyl acetate 

0 24 7 

0 22 b 

Yen 

Ethyl acetate 77° 

0-19 

0-16 

Przibram 

Propyl acetate 100° . . 

0-17 

0-15 

Przibram 

Aldehyde 

0-30 

0 31 

Wellisch 1909 

Aldehyde 

0*33 a 

O-SOy 

Yen 

Ethyl ether 

0-31 

0-29 

Wellisch 1909 

Ethyl ether 

0 35 

0 27 

Wellisch 1917 

Ethyl ether 

0-22 

0-19 

Loeb 

Ethyl chloride 

0 31 

0*33 

Loeb 

Ethyl chlonde ....... 

0 31 7 

0-30 4 

Yen 

Methyl bromide 

0 28 

0-29 

Wellisch 1909 

Methyl iodide 

0 22 

0 21 

Wellisch 1909 

Methyl iodide 

0*23 

024 

Wellisch 1917 

Methyl iodide 

0 22 e 

0*21 b 

Yen 

Ethyl iodide 

0-16 

0 17 

Wellisch 1909 

Ethyl iodide 

0-18, 

0182. 

Yen 

Carbon tetrachloride . . 

0-31 

0-30 

Wellisch 1909 

Water 100° 

0-95 

1-1 

Przibram 

Sulphuretted hydrogen 

0-56 

0-62 

Loeb and Cravath 1 

Sulphuretted hydrogen 

0-55 

0-61 

Loeb and Cravath 1 


x Loeb and Cravath, JPhya. Hev. aa rm. p. 811, 1926. 
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from K. Przibram’s article in the Handbueh tier Physik , 1926, 
xxil. p. 324. His own measurements 1 refer to vapours at their 
boiling point, the others are at room temperature reduced to 
atmospheric pressure, the vapours being mostly unsaturated. 


Variation of Mobility with Pbbksukk. 

Positive Ions. 

37*2. All observers agree that down to a pressure of at most 
1 mm. of mercury the mobilities of the positive ions are inversely 
proportional to the pressure, provided the electric, forces acting 
on the ions are not so large as to make the velocities of the ion 
comparable with those due to thermal agitation. In the cases of 
air, hydrogen and helium this has also been tested and found to 
be approximately true for pressures much exceeding atmospheric. 
Kovarik 2 made experiments on the first two gases with pressures 
up to 70 atmospheres and Dempster 3 tested air up to 10*2 at.rno- 





- " 


*" — 

‘ 




Jhuw of 

Max. j 

Mm. 

()bs<*r\<*r 


(»as 

pn 

4 him- 







1/Jt 


Langovin 

urn 

Air 

i ctr* 

75 miu. 

MO 

Mo 

Wellisch 

10 09 

Air 

7 m 

100 „ 

i :»o 

M0 



CO 

:wo 

33 » 

1-10 

1*05 



<’•<>* 

750 

00 „ 

•K2 

*7 H 



X..O 

700 

.'*<) „ 

•M 

•SO 

L&tf<*y • . 

1010 

Air 

20 

14 ,, 

1 *52 

Ml 

Todd • . 

1011 

Air 

0 

M „ 

1 :ih 

1*50 



Air 

1*2 

t 

M5 » 

1*50 



SO M 

5 

<»•’» „ 

•5 0 - 

-55 



CO* 

0 

» » , 

1 O* 

•05 

Lattoy and Tizard 

1012 

Ha 

72 

10 „ 

5*2 \ 




CO* 

! 1» 

» 

•SO 

•82 

Kovarik 

1012 

Air 

. 75 

10 atm. i 

i :i u 

1*50 



H s 

70 

20 „ 

IWiH 

00! 


1012 

Air 

i 102 

A »» 

1*12 

1-28 

JML** Lexmark and Keys 

1013 

Air 

| m 

07 „ ; 

1*7! 

1-52 


n w the velocity for an electric force of one volt, per cm. anil ji the pre-. ure 
in atmospheres. 

X K. Przibram, Wiener Ber. cxviii. p. 1131, 1009. 

2 Kovarik, I'hyn. Iti'ii. xxx. p. 4 lit, 1010: Prtm. Huy. Nor. p, Ifll. 

3 ilemj»*ter, l*hys lift}, xxxiv. p. 03, 1013. 
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sphexes, wldle Todd 1 vended the law for air down to a pressure 
of 1 mm. M c Lennan and Keys 2 tested air up to 181 atmospheres 
and found that the mobility was somewhat greater at high pres- 
sures than if it were inversely proportional to the pressure. 
McLennan and Evans 3 worked with helium up to 81 atmospheres, 
and found variations from the inverse pressure law. The results 
obtained by different observers are given in the above table, for 
which we are indebted to Professor Fulcher. 

These results show that pu is approximately constant 


for air from 102 atm. to 1*1 mm. 


»» Ha )> 
„ CO „ 
,, C0a )) 

„ so 8 „ 

» N,0 ,, 


70 „ 10 

1 „ 35 

1 „ 4 

3 mm. to *5 
1 atm. to 50 


99 

99 


At very low pressures Todd found a very considerable increase 

in the product, pu. The positive 10 ns he used were generated by 
heating a platinum strip covered with aluminium phosphate. 
He used Method V and found that at these low pressures the values 
found for the mobilities depended upon the rate of reversal of the 
electric forces ; with high rates of reversal the mobilities came out 
higher than with low ones. He found also that the increase in 

pu at low pressures depended upon the size of the apparatus, it 
was much more marked when the distance between the plates 
was 5 than when it was 20 centimetres. He suggests that these 
results indicate that when the positive ion is first formed it is a 
simple molecule or atom and that the growth of this into a cluster 
takes an appreciable time, thus the mobility of the ion when 
young would be greater than when it is old. In the experiments 
when the rate of alternation of the electric force was very rapid 
or when the distance between the plates was small, the ion had 
not time to form a cluster and so possessed more than its normal 
mobility. On the theory of the mobility of 10 ns given in §§ 39*1— 

1 Todd, Proc. Comb. Phil. Boo. xvi. pp. 21, 653 . Phil. Meuj. xxu. p. 791 ; xxv. 
p. 163, 1916 

2 McLennan and Keys, Phil. Mag. xxx. p. 484, 1915. 

3 McLennan and Evans, Proc Soy Boo. Canada, sav. p. 19, 1921. 
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30*4, the effect of clustering is confined to that due to the increase 
in mass, and as the mobility of a single molecule would only be */2 

‘i- 

times that of the most complicated cluster, the value of pu could 
not increase by more than about 50 per cent. 

Hooker*, who used the blast method, found that in air 
the mobilities of ions whose average age was *3 see. were about 
20 per cent, greater than those whose age was *0 sec. 

Erikson 2 has shown that the mobility of freshly formed positive 
ions in air is about *y/2 times that of positive ions which have lived 
Jor a considerable fraction of a second. He found however no 
change in the mobility of the negative ions with age; his experi- 
ments were made at atmospheric pressure. 



Rainer, using an electric wind method, found that p» was con- 
stant in air down to 5 mm. Loeb3, who used fields of the order of 
10,000 volts per cm., found no sign of change between 30f cm. anil 
atmospheric pressures. The values were the same us those found 

with small fields. Welhsch found pit a constant, down to *03 rum. 
with a field of J -15 volt/ora. Jlo used air, (JO a and hydrogen. 

Altbcrg considers that he has been able to detect even at 
atmospheric pressures ions whose mobility is greater than twice 
the normal, and ascribes the higher velocities to freshly formed 
ions. He used the blast method (see p. 90) and the i elation he 
x IJf*ckr»r, Aft/t* f/er Pftt/#. xxxvi. p. 20#, 1012. 

2 Krikhmi, Phy*. Rev, xx. p. 117, 1022; x\i\. tip. 502. 022, 1021; xxvi. pp. *11*7, 
<>29, 1925. 

3 Loch, l* roc. Nat* Acad. h. p. 215, JUU0* 
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obtained between tbe deflection of electrometer (tbe ordinates) 
and tbe electric force (tbe abscisses) is represented by tbe curve 
ABC in Fig. 39 ; if tbe mobihties of tbe ions were all tbe same and 
tbe experiment working ideally tbe curve should be of tbe type 
A'BC. As however any irregularity in the velocity of the air 
blast would produce a curve bke ABC even if tbe mobihties were 
all equal, we cannot regard tbe existence of positive ions with such 
great mobilities at ordinary pressures as established. 

Tbe interpretation of tbe results of experiments on tbe mobilities 
of ions at very low pressures is somewhat ambiguous, because tbe 
velocities which tbe rays acquire under tbe electric field are so 
large' that they are no longer negligible in comparison with tbe 
velocities due to thermal agitation, and when this is tbe case tbe 
ordinary theory ceases to apply. 


Variation of the Mobihty of Negative Ions with Pressure. 

37*3. Langevin’s experiments, made as long ago as 1902, 
established tbe fact that while there is a considerable range of 
pressure over which tbe mobility vanes inversely as the pressure, 
yet at lower pressures than about 2 cm. in tbe case of air, tbe 
mobibty when tbe pressure is diminished increases much faster 
than is indicated by this law, so that pu the product of tbe 
pressure and tbe mobibty increases as tbe pressure diminishes. 
How large this increase is may be seen from tbe following table 
taken from Langevin’s paper 1 ; p represents tbe pressure m 
centimetres of mercury and Tt tbe velocity of tbe ions through air 
Under tbe electriG force of 300 volts per centimetre. 


Negative ions 

Positive ions 

P 

k 

pkf 76 

P 

k 

pk/76 

7-5 

6560 

647 

7-5 

4430 

437 

200 

2204 

580 

20 

1634 

430 

41-5 

994 

530 

41-5 

782 

427 

76 0 

510 

510 

76-0 

480 

420 

142-0 

270 

505 

142-0 

225 

425 


TCS 


x Langevin, Ann. de Chinn, et de Phys, xxvni. p 289, 1903. 


9 
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Kovarik 1 has carried the determination of the mobility of tlxo 
negative ions in air and 00 a down to a pressure of 1 cm. and has 

found that at these low pressures n 

the value of pu increases with « [ 

great rapidity; his results are o 20 1 

represented in Fig. 40. | w “ • j — 

Lattey 2 , who worked with ■ j j - — 

very carefully dried air, found | 7<l . I i. ... 

that the increase of pu was very g ^ 

much more marked than in air o ' j 

which contained an appreciable g 7£J, l j j 

amount of moisture. Lattey and J * \ - -- - ^ — 

Tizard3 found a rapid increase of ® s A . | 1 

at low pressures in dry hydro- i| V _ [ _ J 

genandC0 2 . They used Method 3 I : j 

. i ^ n 

The abnormal increase in the o — too ioo~jbb <m wu too 'too Hao 

velocity of the, negative ion may Pressure in um. 

very easily be explainer! by sup- tM "* * ,w * 

posing that at low pressur«*s the negative ion is an electron for 
part of its life. Owing to the small mass of the electron its 
mobility will bo very large compared with that of tin* normal 
negative ion, and if the ion is a free electron for even a small 
part of the time its average mobility will be large. 

Difference between the Mobilities of Positive no if Xer/atin Ions. 

37 * 4 . A very interesting property of tbeionsin dryairand other 
gases was discovered by Zeleny in it is that in tlie.-e gases 

the mobility of the negative ion is greater than that of the positive. 
The numerous determinations of molalities which have been made 


too iOO joo <too WU 600 100 ooo 
m in in. 

Hu?. UK 


since that time have furnished other examples of it, in faet it 
seems to be. a property possesses! by all elementary gases. The, 
following table gives the ratio r of the mobility of the negative, 
to that of the positive ion at the same teni{>»*rnt are and pressure 
for all the elementary gases whose mobilities aie known, 

Oas He X 2 Oj Argon 

r 1-29 I -at MO I'UH Ii>< 

1 Koviirik, /•'/(// v. Her. k\\. [t. 4 Hi, lain, 

2 J^ittry. 1‘ror. Itw/. Nor. Imlt. ji. 17.'}, Wlo. 

3 Lattey and Ti/.anI, ilt/rl Kwvi. j>. .'i J!(. H)12. 
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An inspection of the tables of mobilities given, on pages 124, 125 
■will show that for compound gases r is very much nearer unity than 
for elementary ones: thus r for C0 2 is 1*17, foT CO r = 1, for 
N a O r — 1*1, for NH 3 r = 1*1, while for ethyl alcohol it is slightly 
less than one; there is no compound whose mobilities have yet 
been measured for which, r is as large as its least value for an 
elementary gas. 

Erikson finds that the mobilities of the freshly formed positive 
and negative ions in air are equal, and the same as that of the 
normal negative ion. After about 1/50 sec. the former falls to 
its normal amount. Under certain conditions positive ions of 
both mobilities may be simultaneously present. 


Effect of Moisture and Vapours on the Mobilities. 

37*5. Zeleny 1 found that the presence of moisture produces a 
large diminution m the value of r : this diminution is occasioned by 
the diminution m the mobility of the negative ion by the moisture, 
the mobility of the positive ion in air being unaffected. Thus he 
found that the mobility of the positive ions m moist air was 1-37 
as compared with 1*36 in dry air, while for the negative ions the 
mobility m moist air was only 1*51 as compared with 1*87 for dry 
air. The value of r was reduced by the moisture from 1-38 to 1-1. 
In hydrogen he found that moisture diminished the mobility of 
the positive as well as of the negative ion, though not to so 
great an extent. Lattey 2 and Lattey and Tizard3 found that 
at a pressure of 18 mm the presence of large quantities of 
moisture diminished the mobility of the positive ions by about 
50 per cent. At low pressures, where the mobility no longer 
vanes inversely as the pressure, it was found that moisture produced 
an enormous effect on the mobility of the negative ion, a trace 
of moisture decreasing the mobility to one-tenth of its value in 
very carefully dned gas. They found too that pu was constant to 
much lower pressures in moist gases than in dry. 

Mayer4 found that the mobility of both positive and negative 
ions m oxygen was diminished by moisture, the latter the most. 

x Zolony, Phil Trans oxov. p. 193, 1900 

2 Lattey, Proa. Boy Soc. lxxxiv. p 173, 1910. 

3 Lattey and Tizaid, ibid lxxxvi p. 349, 1912. 

4 Mayer, Phya. Zette. xxvm. p 037, 1927. 
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Rutherford 1 found that the vapour of ethyl alcohol produced 
a more marked effect even than water on the value of r, while 
methyl iodide also produced a very marked effect. 

Przibram 2 made a valuable and extensive series of experiments 
on the effects of vapours of liquids of various chemical ty pos on 
the mobility of ions, and came to the conclusion that the vapours 

of alcohols, fatty acids and chloroform decrease it more than >t, 

that on the other hand the vapours of the fatty esters decrease 
■ 4 “ — ■ 

u more than n, while hydrocarbons, carbon tetrachloride, and 
ethyl iodide affect the mobility merely by increasing the density 
of the medium. Those substances seem to produce the greatest 
effects which are most associated when in the fluid condition and 
whose vapours have abnormally high specific inductive ea pacifies, 
i.e. which have a finite electrostatic moment. 

Belar3 has confirmed some of these results and finds that 
formaldehyde and propionic aldehyde have a considerable, effect 
on the negative ions, and ammonia on the positive. 

Wellisch4 also tried the e. fleets of adding organic vapours to 
air; he found that a vapour pressure of 10 mm. of ethyl alcohol 

reduced u to -91, u to 1*10; acetone also affected both mobilities 

to a considerable extent, ethyl bromide reduced » hut not u , 
while methyl iodide had no effect; this is opposed to Jluf herfoid’s 
observations that methyl iodide had a very considerable effect. 

Tyndall and Phillips 5 have made a detailed study of the effect 
of vapours of the normal aliphatic alcohols on the mobility of 
negative ions in air: the diminution in the mobility increases with 
the position of the alcohol in the series, the efforts of the higher 
alcohols being very marked. »Similar effects were observed for 
the mobilities of the positive ions, though these were not so well 
marked as those for the negative. 

z Rutherford, Phil. May. ii. p. 210, 1001 
ss JPrzibram, Wxm. Ber. cxviii. p. SSI, 1000. 

3 Maria Bdl&r, ibid. exxx. p. 373, 1021 (quoted by Przibrani, Unndburh d'.r 
Physik, xxie p. 331). 

4 Wolhhcb, Phil. Tran s. ccix. A, p. 2-10, 1000. 

5 Tyndall and Phillips., Proc. Boy. Hoc. cxi. p. 877. 
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Mayer 1 has found that traces of chlorine diminish the mobility 
of ions of either sign m hydrogen and oxygen, but Erikson 2 fin^a 
no effect on air ions. 


Effect of traces of Electronegative Gases on u. 

37*6. Even more remarkable than the effect produced by 
moisture is that produced by exceedingly minu te traces of the 
electronegative gases. In 1900 Warburg 3 found that the removal 
of the last traces of oxygen from nitrogen mcreased the current 
from a negatively electrified point in that gas fifty times. Chattock 
and Tyndall* found that a trace of oxygen greatly diminished the 
mobility of the negative ions produced by the discharge from a 
fine point in hydrogen; the value of u increased from 7-6 to 206 as 
the percentage of oxygen diminished from one to zero. 

Franck, who ionised the gas by a-rays from polonium, found 3 
that while the mobility of negative ions in argon which contained 
1 per cent, of oxygen was only 1-7, it mcreased to 206 when great 
care was taken to remove every trace of that gas ; he subsequently 
obtained a similar result with nitrogen, the mobility of the 
negative ion in that gas increasing to 145 when the oxygen was 

removed. In pure helium Franck and GehlhofE found that u 
reached 500 cm. /sec. On the other hand hydrogen did not show 
any increased mobility on purification, nor did oxygen. Chlorine 
has the same effect as oxygen. 

Haines 6 found large mobilities, up to 509, in carefully purified 
nitrogen, and also in hydrogen, contrary to the last mentioned 
authors. Very small traces of electronegative gases destroyed the 
efEeot. Yen 7 also finds abnormally high mobilities in nitrogen 
and hydrogen. Loeb 8 has made quantitative measurements of 
these high mobilities, and finds that they depend on the strength 

x Mayer, Plays. Zetts. xxviii. p. 637, 1927. 

a Erik son, Phya. Rev. xzx. p. 339, 1927. 

3 Warburg, Ann. der Phya. xi. p 29S, 1900. 

4 Chattock and Tyndall, Phil. Mag. xix. p. 449, 1910. 

5 Franck, Verh. Deutsch. Phya. Geaell. xii. p. 291, and p. 613. 

6 W B. Haines, Phil Mag. vi. 30, p. 603, 1916; 31, p. 339, 1916. 

7 Yen, Phya. Rev. p. 337, 1918 

8 Loeb, Phya. Rev. xix p. 244, 1922; xx. p 398, 1922; xxiii. p. 167, 1924. 
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of the field. For vanishingly small fields he finds at. atmospheric 
pressure: 

Nitrogen 30,500 cm./sec. per volt/cm. 

Hydrogen 7,800 „ 

Helium 22,000 „ 

He gives empirical formulae for the mobility as a function of 
X/p, where X is the field strength. Wahlin 1 finds 1.8,000 for 
nitrogen under the above conditions and the variation with the 
field follows a theoretical relation of Compton's*. Owing to the 
great difficulty of getting the gas perfectly pure file above results 
are probably not very accurate, but they undoubtedly give the 
order of magnitude; see also mobility of electrons in flames, ( 'hap X. 
Wahlin3 finds that CO must be added to the list if very carefully 
purified. The highest mobility for a weak field was 11,800. It 

follows that the older measurements of u for these gases refer to the 
mobility of negatively charged molecules, or larger aggregates, of 
some impurity. 

It would seem that the electrons attach themselves with 
great ease to the electronegative gases such as chlorine and oxygen, 
while they only unite with atoms of argon, liehum and nitrogen 
with great difficulty, if at all. A further illustration of this is 
given by experiments made with positive rays or Kunulstrahlen; 
among these are found molecules of oxygen and chlorine carrying 
a negative charge, but as far as our experience goes a negative 
charge is never found even on atoms of helium, nitrogen or argon. 

Dependence, of Mobility on Field Ftrnirjth. 

37*7. Besides the above-merit ioned variat ion of t he mobility of 

* 

free electrons in certain gases, w*ith the strength of the field, several 
other workers have found a similar effect. Thus Franck, using 
the ions derived from the high tension discharge from a wire 
(see j>. 97), found abnormally large values for the mobility of 
both positive and negative ions. <‘hatt oek however and Katiu-r, 
who both used large fields, found normal values for the positive 
ions, and it seems possible that Franck's result was due to ionisation 

1 Wahlin, Phyti. 2frif„ xxni. p, 1 00, 102t- 

2 K. T. Compton, ibid, xxii. p* Xi'A, 1023. 

3 Wahlm, ibid, xxu p. £17, 
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throughout the volume of the gas by easily absoibable radiation 
from the region of intense ionisation near the wire. 

In the case of negative ions at pressures below atmospheric 
there is no doubt that the apparent mobility depends on the 
field. Thus Lattey (Method V a), Townsend and Tizard (Method X), 
and Ratner (Method XI) all find effects of this kind in air. Lattey, 
working at pressures (p) round 20 mm. and forces (X) of 1*6 to 
2*7 volts per cm., finds an increase of the mobility with X/p. 
Townsend and Tizard, working at from -25 to 18-5 mm. and X from 
2 to 50 volts per cm., find a decrease with increasing XJp. Ratner 1 , 
working at atmospheric pressures and below, found a maximum 
mobility for a certain value of X (620 volts/cm. at 100 mm ) but 
some of the results could not be expressed as a function of X/p alone. 
In all these cases the mobilities are abnormally large for the 
pressure, being from 10 to 1000 times the normal if reduced to 
atmospheric pressure and forces of 1 volt/cm. on the assumption 
that the velocities varied as X/p. 

While there is no doubt that we have to do in this case with 
ions which are electrons for part of the time, the exact interpre- 
tation is a matter of some difficulty. Assuming that the ions 
start as electrons, as is certainly the case when the ionisation is 
due to X-rays or the photoelectric effect, the variation of this 
mobility with X and p may be due to any one of the following 
causes : (1) The electron may after a time attach itself to a molecule 
(perhaps of an impurity) and remain so attached for the rest of 
its life. (2) The ion may alternate more than once during the 
time it is under observation, between being a free electron 
and being a charged molecule or group of molecules. (3) The 
electron may have its velocity reduced by inelastic collisions 
whose nature depends on the energy of collision; this view is 
+.a.kftn by Townsend. (4) If the velocity of the electron due to the 
field approaches that due to thermal agitation it will, on any 
theory, cease to be proportional to the force. Of course some of 
these causes may be acting simultaneously, and their relative 
importance may vary in different conditions. 

It seems practically certain that either (1) or (2) must take 
place for some conditions at least. The difference between the 
i Ratner, Phil. Mag. vi. 32, p. 441, 1916. 
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velocities of the positive and negative ions in most gases at high 
pressures is far too small to lot us suppose that the latter is a free 
electron for any considerable part of the time. On the other 
hand it is certain that it is one, at low pressures under large forces. 
Under intermediate conditions, when the ‘abnormal’ mobility is 
beginning, it must be an electron for part, but not all, of its life. 

Wclliscli 1 , using Method V a and ionising tint gas by polonium, 
made the very interesting discovery that when the pressure of the 
gas is low enough to make the mobility 
of the negative ion abnormal, an ap- 
preciable fraction of the carriers of 
nogativo electricity are electrons from 
■start to finish. The variations of the 
mobility of the negative ion with 
pressure, so far as it is abnormal, 
may be regarded as due to variations 
in the fraction of the whole number 
of carriers which cross as electrons. 

Fig. 41 is a reproduction of a curve 
given by Wellisch; it represents the 
relation between the quantity of negative elect rieif v received by 
the plate (the ordinate) and the voltage, between tin*, plates (the 
abscissa), the rate of reversal of the voltage being constant. The 
point A represents the stage at which the electrons get. across, 
and B that at which ions whose mobility is normal (/.«. has the 
value determined by experiments at high pressures) can get. across. 

Wellisch interpreted the curves as showing that the camera 
of electricity retained during the whole of their journey the state 
in which they started, i.e. if they started as electrons they remained 
so, if they started as ions they remained ions. This would mean 
that an electron never becomes associated with a molecule, which 
is contrary to evidence from other sources and is, hh we shall see, 
not a necessary consequence of Welliseh's curves. 

37*71. We shall see, in fact, that on either of assumptions (1 ) or 
(2) most of the usual methods of measuring mobility break down. 
Take first assumption (1). The case we shall consider is when the 
charged particles move between two parallel plates under a uniform 

I WVUiKoh, Amr.rtr.un, Juutmtlof ttcirtirr.. May 1U1II. 




37 * 71 ] MOBILITY 03T IONS 137 

electric force at right angles to the plates ; these are the conditions 
under which the mobility of the negative ion is usually determined. 
We shall suppose that in their passage between the plates some of 
the electrons become attached to molecules and form negative 
ions. The first problem we shall investigate is that of finding 
the expectation of an electron starting from one plate reaching 
the other without uniting with a molecule to form a negative ion. 
We shall suppose that when an electron strikes a molecule the 
chance of its uniting with the molecule to form a negative ion is 
1/n. We shall denote the mobihty of the electron by K, then if 
X is the value of the electric force, KX is the velocity of drift of 
the electron. We shall suppose that this is small compared with 
V the velocity of the electron due to thermal agitation. 

To calculate the chance of the electron passing over a distance 
x parallel to the electnc force without becoming attached to a 
molecule, we proceed as follows : the time taken to pass over this 
distance is xjKX and in this time the length of the path described 
by the electron is VxjKX if V is large compared with KX ; we 
shall denote this distance by ax, where a — V/KX. 

By the Kinetic Theory of Gases the expectation of the electron 
traversing this distance without a collision is e~ aa f K , where A is the 
mean free path of the electron; this is also the expectation that it 
should travel over this distance without either making a collision 
or becoming a negative ion. 

The chance that it makes one collision and no more in passing 
over a distance x may be found as follows: the chance that it 
makes a collision between £ and £ + dg is adgfX, the chance that 
it reaches £ without a collision is and the chance that it 

does not make a collision during the rest of the journey is A\ 

hence the chance that a collision should occur between £ and 
£ 4- d£ and that this should be the only one is 

^ = e -T | dg ; 

the chance that it should make one and only one collision in a 
distance x is therefore 
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The chance that this collision does not result m the union of the 
electron and the molecule is 1 — the expectation of the electron 
getting across with one collision is 

__ae n _ J (tnt 


Consider now the electron which makes two collisions and no 
more. The chance that the electron makes just two collisions in 
its journey is 


/, 


e -*4/A « 

0 A 




for adg/A is the chance that it makes a collision between g and 
£ + dg, e - “ f/A ag/A the chance that it. makes one collision and no more 
before reaching g, and « — * Ca * — the chance that it makes the. rest 
of the journey without a collision. The value of the integral is 


_«* i (<tr 


the chance that neither collision should result in the combination 
of the ion and molecule is {(»? — 1 )/«•}“. 


Fle.nce the expectation of a two collision electron crossing in 
a free state is 


€ — cue /A 


1 

2 


/n — 1 u.r/y 
V n A ) * 


Similarly the expectation of a three collision electron crossing 
in a free state is 


g - #/ /A 


1 

2.3 


ftt — 1 ux\ 3 

v'» a; ’ 


and so on. Hence since all the electrons must make an integral 
number of collisions between nought and infinity, the expectation 
of an electron crossing in a free state is 


«-“•/* ( i + 


n — 1 (tx 

1 , 

fn — 1 usV* 1 

fn — I mr\ 3 , 

) 

" n A * ! 

2 ' 

L n A) ' 2.3 

\ H AJ ' 



- aar/A ljaa/rtA aj'nA' 


Hence if N electrons start- from the plate x 0, the number which 
reach the plane x - d in the free state is 
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In many of the experiments on the mobilities of the negative 
earners the quantity measured is the charge of electricity received 
within the time T by a plate x = d, by ions starting from the 
plane x = 0 at the beginning of the time. Some ions may get 
across even though they only travel part of the way as electrons, 
completing the journey aB negative ions. In this case x the smallest 
distance they can travel as free electrons is given by the equation 


x 

~KX 


+ 



or 


x 


d — k 2 XT 



(1)* 


where k 2 is the mobility of the negative ion; all the electrons 
traversing the distance x given by this equation will amve in time, 
no others will do so, hence if N electrons start at t — 0 from x — 0 
the number which reach the plate x = d within the time T will be 
e <l ual to 

where x has the value defined by equation (1). Since a = V/KX, 
axfnX may be written {d — k z XT) } where /? = T f/(K — k 2 ) nX 3 
and the number reaching the plate will be 

The smallest value of X which will drive any electrons to the plate 
is given by X =* djKT ; when X 
electrons reaching the plate is 

VT 

Ne ; 

when X is equal to or greater 
than d/k 9 T all the electricity which 
leaves x = 0 will reach x = d, and 
the charge received by the plate 
will be Ne, where e is the charge 
on an ion. The graph of the charge 
received by the plate and the 
electric force X is represented by 
ABCD in Tig. 42, the curves I 
and II representing the limiting 
form, at very low and very high pressures respectively. There is a 


this value the number of 
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point of inflection where X = fid/2, if this falls between d/KT ar>d 
djk{£. If Q x and Q z are the charges received by the plate for values 
X ly X z of X, we see from the preceding equation that 

log (Qi/Qs) --= fid ^ - J,J , 

an equation which would enable us to determine //A if A" and k 2 
are known. In this case since some ions get. across for all values 
of X greater than d/KT, there is no definite value for the mobility, 
there are carriers possessing any mobility between K and k. £ . 

The value of X which brings half the charge across is given by 

J® (d - k z X T) - -Cm; 

regarding d/XT as a kind of mean mobility, and substituting from 
the equation, we find 

d/XT «■ j _ .(unx/fid’ 

Thus this mean mobility is equal to k z until -0U iiX/fid becomes 
appreciable; it rapidly increases however when this quantity 
becomes comparable with unity. Substituting f lie value for fi we 
find that 

-( mX/fid*. - -imX (K - k,j,) nX/Vd. 

Since both A and (A' — Ic z ) are inversely proportional to p, the 
pressure of the gas, this is of the form X/Vdp‘ £ , so that the ratio 
of this mean mobility to its normal value k z is a function of X/ Vjfid; 
it thus depends on the value of the electric force aud the distance 
between the plates as well as the pressure, thus for example if the 
distance and the pressure remain constant the mean mobility will 
increase with the electric force. 


In some of the methods for determining the mobility we have 
instead of a flash of ionisation at the time t - 0 a continuous 
supply of ions extending over the whole time T. If kdt is 
the number of electrons emitted from the plate x - 0 between 
t and t + dt, the charge of electricity they will give to the plate 
will be 


ekdU-x*-**' 1 ™-. 


the whole charge will be the integral of this. We have however 
to consider the limits of integration. The lowest value of T — t 
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will always be d/KX . The upper limit will depend on the value 
of d — Xk 2 T; if this is positive the upper limit , of T — t will be 
T and, performing the integration, the quantity of electricity 
received by the plate will be 



iS (d-XkjT) 


— e 


Fa 

■ftA. XX 


H 


■( 2 ). 


o ^ 

^ , the amount for the 


When d — X7c % T is negative, then until T — t= d/k 2 X } all the 
electrons leaving the plate x = 0 will give up their charge; the 

amount given in this time is ek (t — 
rest of the time is 

Thus in this case the quantity Q received by the plate will be 

+ ^( 1 ~ ris:ss ) ■ 

There is no discontinuity in either Q or dQ/dX when X passes 
through the value d]k 2 T, but d 2 Q/dX 2 is discontinuous at this 
point, the change being equal to 

ek fid? 

~k 2 X*’ 

where X has the critical value d/k a T. 


If some of the negative carriers started from the plane x = 0 
as negative ions, i.e. if the agent employed to ionise the gas 
produces at the instant of ionisation negative ions as well as 
electrons, there will be a discontinuity in dQ/dX as well as in 
d*QJdX* when X =- d/k a T. 

We see from these curves that when the mobility of the 
negative ion becomes abnormal, i.e. as soon as the pressure is low 
enough to make the curve depart appreciably from the type (II), 
the mobility not merely becomes abnormal, it becomes indefinite. 
If we use a method which depends on determining the electric 
force when the charge first becomes appreciable, we shall get 
values which depend on the sensitiveness of the electrometer; if 
we use methods which depend on finding the value of X when 
the charge reaches its maximum, value, we shall get quite a different 
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set of values which would also depend very appreciably on the 
sensitiveness of the electrometer. 


Similarly if the mobility of a carrier oscillates between very 
different values, as supposed in assumption (2), p. 135, no reliance 
can bo placed on results found by methods such as V or \ a when the 
mobility is measured by the greatest, distance which can be 
traversed m an alternating electiic field. For, to take the case 
of a negative ion oscillating between an electron and a duster: 
suppose that as an electron it is being driven towards the plate 
connected with the electrometer by the electric field, but that 
before it roaches the plate the field is reversed; if it. remains an 
electron it will under the reversed field lose, the ground it pre- 
viously gained: if however when the field is reversed it, joins a 
cluster, its mobility will be much reduced and it will only retreat 
a short distance. If when the electric force is reversed again it 
becomes an electron it will advance much further than it 
retreated and thus may be. able to gain the plate conned ed with 
the electrometer by a succession of stages, whereas the eaieulution 
of the mobility by that method is founded on the assumption 
that the ion reaches the plate in one stage. If the reversals of 
the electric field are so infrequent that the ion has time to ehange 
from the electron to the cluster many times while the electric 
force is acting in one direction, this effect will not he .-.ericas: but 
if the rate of reversal of the elect rie force is so rapid that tie* time 
the force acts in one direction i» comparable with the time an 
electron is free or in a cluster, the effect may be very large and 
the values of the mobilities quite erroneous. 


37*72. From experiments made on similar lines to that suggest ed 
by the above investigation Loch 1 and W'uhlin 2 find the following 
values for n, the number of collisions the electron makes before 
being captured. 

Loch used Method V, with electrons derived by the action of 
ultra-violet light, on one plate of the eonden«»*r, and interpreted 
the variation of the charge, received by the elect mmeter with 


1 IjdoU, Phyn. Ren. xviS. p. 89, 1021; Phil. J lag. xliii. p. 2211, 1922. 

2 Wulilin, PhyH. lieu. xix. p. 178, 1922. 
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potential difference, pressure, and frequency of commutation, on 
the theory given above. 


Gas 

n 


Infinite 

*4 

Infinite 

CO 

1 0 to 6 0 x 10 7 * 

NH* 

0 7 to 1 6 x I0 7 

C0 2 

2 3 to 4 3 x 10« 

N.O 

0 8 to 6 4 x 10 s 

Air 

0 7 to 6*4 x 10 4 

o a 

1-4 to 5-7 x 10 3 

Cl* 

less than 2 1 x I0 3 


* Since shown to be infinite. 


He found that the number of collisions made by an electron 
before union took place was mdependent of the pressure of the 
gas. The experiments agreed well with the above theory. He 
found no sign of the permanently free electrons considered by 
Wellisch. 

No great weight can be attached to the numerical values given 
in the above table, as they depend on knowing the mobility of 
the free electrons and their free path. Both these are uncertain 
and the latter in particular is probably a complicated function 
of the speed of the electron. It is also possible that n is a function 
of the field strength. Thus Bailey 1 , using a development of 
Townsend’s method for finding the free path, finds that in dry 

air i depends on the field strength Z (volts per cm.) and pressure 

p (m mm .) as follows : 

Z/p -5 • 1 2 

- 3-3 x 10- 8 2 x 10-« -7 x 10- 8 

n 

These are larger values of n than found by Loeb, but Zfp was 
smaller in the latter case, where the experiments were made at 
atmospheric pressure. Nielsen 2 , in some experiments on the 
attachment of electrons to mercury atoms to form negative ions, 

x Bailey, Phil Mag . L p. 825, 1925. 

2 Nielsen, Phys. Mev. xxvxi p. 716, 1926. 
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finds also that the chance of attachment in general diminishes 
with increasing energy of the electron, but becomes abnormally 
large at certain critical values. 

37*73. A somewhat similar method might be user! to investigate 
the time a molecule retained an electron after capturing it, a very 
important physical constant about which we have no information. 

If ins tead of starting a swarm of electrons from the plate A 
we start one of negative ions, then if the negatives ions did not 
dissociate in their journey from one pinto to tho other, they 
would all get across in the same time, and the electrometer would 

not receive any charge until t ^ ^ , and then tins charge would 

be constant whatever the value of t. If however on the journey 
a negative ion broke up into an electron and a molecule, since the 
mobility of the electron is much greater than that of the iou, the 
negative charge would reach the electrometer sooner titan if no 
dissociation had taken place and charges will arrives before t - d\l\X, 
If the negative charge is to get across in a time less than 
dfk 2 X It must decompose into an electron and a molecule on its 
journey; if x is the greatest distance it can go before decomposing, 

tton - x &-* . 

k t X + KX 

If T t is the life of the negative ion tho chances that it travels over 
a distance x without splitting up is 

€ **XT t . 

thus tho chance that it will split up in this distance is 

X 

l — € ~k*XT t # 

(l 


Since 

this is equal to 


x 


(. l-K. ) 


Xt 


K ’ 


a k t 

l _ € r,.\ :uc - r : j € "a* - *, 


Thus if N is the number of ions which start, the number which 
will roach the electrometer in time t is 

a k t 

N (1 — € TlX (A- ■ k t ) C - A- - A, r,), 
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an equation which, gives the means of finding No experi- 

ments of this kind seem to have been made; it would be a matter 
of great interest to know how T x was affected by pressure, tem- 
perature and the nature of the gas. The decomposition of the 
negative ion into the electron and molecule is a monomolecular 
reaction of an interesting type, because the electron, one of the 
products of dissociation, has a mass very small compared with 
the mass of the other product, the molecule. Owing to this, 
very little energy will be communicated to the electron by collisions 
with other molecules. Thus we should expect collisions with 
molecules to have much less effect on the rate of this reaction than 
in ordinary chemical reactions when the masses concerned are 
not greatly different from each other. 

In the absence of experiments the only light that can be thrown 
on thin question is from thermodynamical considerations. The 
energy required to detach an electron from a neutral molecule is 
always several volts. If we assume that the energy to detach 
one from a negatively charged molecule is at least of the order 
of a volt, then if there is a possibility of the complex ion forming 
at all, since the energy of thermal agitation at room temperature is 
only about ^ volt, in the equilibrium state almost all the electrons 
will be attached to molecules, and the process of dissociation will 
be even slower than that of the formation of the complex. Thus 
once the ions have become attached to a molecule they will remain 
so, and the first of our assumptions will hold rather than the 
second, but this point must be regarded as still quite unsettled. 
The question to be considered is whether this idea of ions starting 
as free electrons and then becoming loaded up by combination 
with a molecule of the gas, is sufficient to account for the results 
obtained at low pressure. We have seen that on this view the 
average speed of an ion would not be a function of JST/p alone, 
and it is important to see if it is so in practice. Ratnex found 
that it was not. Lattey’s experiments are more doubtful He 
found that in the case of a carefully dried gas at pressures low 
Anrmgh to malfft pu abnormally high, the velocity of the negative 
ion was not proportional to the electric force but increased much 
more rapidly than the force acting upon it. The magnitude of 
thA effect may be seen in the following table taken from his 

zo 


T ClC 
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paper 1 . Here p is the pressure in mm., X the electric force in 
volts per centimetre and v the velocity in cm. per sec. of the 
negative ion in carefully dried air. 


p 

X 

X/p 

V 

14 3 

00 

•0421 

118 


•888 

•0(521 

352 


I 105 

•0815 

124 * 


1*415 

•0990 

2070 

18*2 

1*185 

•0*551 

389 


1 42 

•0809 

| 1075 

24-5 

1 385 

056(5 , 

, 218 


1 54 

•0(530 

339 


1- 70 

•0717 

431 


2*03 

•0829 

1340 


2*33 

•0952 

2550 


Thus wo see that at the pressure 14* 3 the velocity is increased 
tenfold when the electric force is doubled, while at the pressure 
24*5 the same increase in velocity is produced by an increase of 
about 75 per cent, in the electric force. Theory indicates that the 
proportionality between velocity and electric force would cease 
when the increase in the velocity produced by the electric field 
became comparable with the average velocity due to the thermal 
agitation, and in this case there would be a further tendency to 
high mohilities, as the greater energy in the ions would make their 
collisions with the molecules of the gas more violent and might 
increase the tendency of the clusters to break up into simpler 
systems; but in the case just cited the increase in energy is very 
slight, not more than would be produced by a rise in temperature 
of a fow degrees centigrade. 

In the region of pressures where pit is constant, the velocity of 
the ion remains constant when Xjp is constant, ami in 1 his case is 
proportional to Xfp ; this proportionality ceases when the pressure 
is so low that pit is above its normal value, but Lattey considers 
that in this region when X and p are altered so that their ratio 
remains constant the velocity u of the ion is unaffected. The 
evidence for this is set out in the following table. 

J Lattey, Proc. Roy. 80 c. lxxxiv. p. 170, 1910. 
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p mm 

X/p = 0 04= 

0 05 

0 06 

0*07 

0-08 

0-09 

0 1 


74 

u 

u 

u 

'U 

u 

u 

14 3 

107 

175 5 

310 

580 

1126 

(2200) 


18 4 

103 

163 

279 

514 5 

1006 

(2050) 

(4120) 

24 5 

(119-5) 

172 5 

286 

509 

936-5 

1799 

(3480) 

28 8 

110 

180 

298 5 

519-5 

926 

(1652) 

— 


The numbers in bxaekets 'were obtained by extrapolation. 
There are variations of nearly 30 per cent, in the values of the 
velocity for the same value of Xjp and the range of pressure is 
small. 

Townsend and Tizard, using Method X, found that the veloci- 
ties were a function of X/p only; but as Townsend has pointed 
out 1 , the mean velocity found by this method, when the mass is 
not constant, is different from that found by a direct method. 
The range of forces was diff erent from that used by Lattey and 
a direct comparison does not seem possible. Townsend and 
Bailey 3 found that the velocities in oxygen did not depend only 
on Xjp, though those in mtrogen and hydrogen did, but in these 
last two cases there is no attachment of electrons to molecules, 
according to Loeb. The same remark applies in the case of 
argon and helium, which these authors investigated later. Loeb 3 
has found that the value of X jp at which abnormal mobilities 
began in his exper iment s was quite different from that found by 
Lattey and attributes this to his pressures being different. On 
the whole it may be said that there is no definite evidence against 
the view we have given, and Loeb and Wahlin’s work is strongly 
in its favour. 

Energy of Electrons in an Electric Field. 

37 * 8 . This is perhaps the most convenient place to mention the 
work of Townsend and his pupils on the energy acquired by an 
electron in an electric field. By measurements of diffusion, using 
■ hhft apparatus described on p. 81, they have been able to show 
that in the case of a gas showing the 'abnormal’ mobility, i.e. 

1 Townsend, Electrwity m Oases, p. 186. 

2 Townsend and Bailey, PhtL Mag. xlu. p. 873, 1921. 

3 Loeb, Proa. Nat. Acad, iu p. 346, 1916. 
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carefully dried and at a low pressure, the mean kinetic energy of 
the ions, electrons, may become many times that of thermal 
agitation, even under moderate fields where there is no appreciable 
ionisation by collision. This energy does not show itself as a 
velocity in the direction of the field, but is transformed by collisions 
with the gas molecules into a general spreading sideways of the 
beam of ions. It first showed itself as an abnormally small value 
of Ne when calculated in the usual way. This could bo explained 
on the assumption that the velocities of the ions were larger than 
those to be expected from the energy of thermal agitation, and 
Townsend calculated the factor k by which this energy must be 
multiplied to explain the results 1 . For a force of 2 volts per cm. 
and a pressure of 11 mm. in dry air, k was 2*00, to give a typical 
example. The value of k increases greatly as the force increases 
and the pressure diminishes. Townsend and Bailey 2 have 
measured this quantity, and also the velocity in the direction of 
the field, in oxygon, nitrogen, hydrogen, argon and helium. Tn 
all but the first it was a function only of X/jj, as is to Ixs expected 
if the electrons retain their state throughout. Using a theory 
of Pidduck’s3 they calculate the average loss of energy in a 
collision between an electron and a molecule. Kxoept in the case 
of helium the result is greater than could be explained by elastic 
collisions. In view of the large values of k found, of the order 
100, it seems probable that the chief cause is the occasional loss 
of a large amount of energy in the exceptional collisions for which 
the electron has acquired sufficient energy to bring the molecule 
to an excited state, but the authors do not take this view. 

Ions of more than one Mobility. 

37*9. Several authors have claimed to have discovered that 
positive ions in the same gas can have mobilities of different and 
definite amounts, and that other negative ions exist besides the free 
electron and the normal ion. Thus Haines finds in hydrogen a 
negative ion of mobility 18*9 and various positive ions. Noland 

% Seo Electricity in Gases, p. 172. 

2 Townsend and Bailey, Phil* Mag* xlii, xliii, xliv, xlvi. 

3 Pidduck, Pros. Pay. Boo* A. bcxxviii. p. 20ft, 1913. 

4 Nolan, Phys. Rev. xxiv. p. Id, 1924; Pros* Moy* Irish Acad* xxxv. p. 38, 
xxxvi. p. 74. Nolan and Harris, Pros* Roy * Irish Acad . xxxvi. p„ 31. 
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finds seven types of ion in dry air from a mobility of 1-87 to 2-24 
and others outside this range, the mobilities of positive and negative 
being the same. He finds similar results with moist air, C0 2 and 
hydrogen, in which among others he finds some mobilities agreeing 
with those of Haines. The most persistently appearing ions in 
air are those of mobilities 2*04, 1-79, 1*52 and 1-37. Exikson has 
found mobilities of 4*35 and 1*55 for the recoil atoms of ac tinium . 
Wahlin has found indications of two mobilities of positive ions in 
helium and of a number in air, some of which agree with Nolan’s 
values. 


In most of these cases the mobilities were measured either by 
Method V or Method III, and the various mobilities are identified 
by * nicks’ in the experimental curves. In many cases these 
nicks are not well marked, and the method is one which lays 
itself open to error. While the results are interesting as indicating 
a possibility they are not conclusive as they stand, particularly 
as Ten 1 and Welliseh 2 have failed to find the ions claimed by 
Haines, and Blackwood 3 has repeated some of Nolan’s experi- 
ments and considers that his results are due to irregularities in 
working of the air blast and other experimental errors. Tyndall 
and Giindley also find no sign of more than one kind of negative 
ion. 


This criticism does not apply to Erikson’s work on the ageing 
of ions, for which the evidence is much more definite. 


Effect of Temperature on the Mobility of the Ions. 

37*91. The question of the influence of temperature on the 
mobility is important from the light it throws on the nature of the 
collisions between the ions and the molecules through which they 
pass. Phillips 4 made measurements of the mobility of the positive 
and negative ions in air between the temperatures 94° and 411° 
absolute. The gas was kept at constant pressure, the ions were 
produced by X-rays and the mobilities measured by Langevin’s 
method. His results are given in the following table, the values 

1 Yen, Phye. Rev. ax p. 337, 1918. 

2 Wallisoh, PMl. Mag. nodh. p. 33, 1917 

3 Blackwood, Phys. Ren. zz. p. 499, 1922. 

4 Phillips, Proo Roy. Soc. hnrviiu p 167, 1906. 
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for constant density being obtained by multiplying those at 
constant pressure by 273 jT. 
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These results are represented in Fig. 43. The results indicate 
that above the temperature of about 250 ahs. the mobility at 
constant density is independent of the temperature. 



Kovarik 1 measured through a wide range of temperatures 
the mobility of the negative ions liberated from a metal by the 
I Kovarik, Phys. Rev. xxx. p. 415, 1910. 
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action of ultra-violet light; the measurements were made at 
constant pressure, but if reduced to constant density by multi- 
plying by 273 /T they also indicate that the mobility at con- 
stant density is through a considerable range independent of 
the temperature. Kovank’s measurements are represented in 
Fig. 44. 

Sutherland has suggested 1 that the mobility is proportional to 


a+T 


and has shown that with a suitable value of a, Phillips’ 


results may be represented with some accuracy by a formula 
of this type. We are led to this law if we suppose that the 
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dimensions of the ion do not vary with the temperature, but 
take into account the effect of electrical attraction in increasing 
the number of collisions made by the ion and thus diminishing 
its free path. See below, p. 177. 

Erikson 2 , who has made determinations of the variations of 
mobility with temperature at constant density, finds that his 
results can be expressed by a formula of this type and that the 
mobility is a maximum at about room temperature for the positive 
ion, and at about 40° C. for the negative. Przibram has pointed 
out that there is a tendency for the mobilities in a gas or vapour 
to be abnormally small near the saturation point. Instances of 
this can be seen in the table, p. 1 25, e.g. methyl acetate, ethyl acetate 
and perhaps ethyl alcohol. 


1 Sutherland, PH Mag. xviu. p. 341, 1909* 

2 Erikson, Phys JR&v. iii. p. 151, 1914; *vi. p, 345, 1915. 
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Mobility in Mixed Gases. 

37*92. A very remarkable effect is that, according to most in- 
vestigators, in a mixture of gases ionised by X-rays where there 
would be ions of different kinds, the ions have all the same 
mobility. Thus the mobility seems to depend on the nature of the 
gas through which the ions move, but not on the nature of the ion. 
Blanc found that the mobility of an ion made in CO s and driven 
through air was the same as that of an ion made in the air itself. 

Grindley and Tyndall 1 have recently made a number of measure- 
ments in which they measured the velocity in air of ions formed 
in a number of other gases: H 2 , NH 3 , C0 2 , (C 2 H 5 ) 2 0 and CIIC1 3 . 
In all cases the mobilities were within 1 per cent, of those of 
ordinary air ions. The accuracy of measurement reached in 
these experiments makes them very strong evidence. It should 
be mentioned, however, that Rothgieser has found that ions 
formed in 00 2 have only about half the mobility in hydrogen of 
normal ions, and conversely hydrogen ions moved abnormally 
fast in 0O 2 . 

Erikson 2 finds that argon, C0 2 and hydrogen ions in air have 
the same mobility as air ions, and the positives age in the. same 
way: the negative hydrogen ion is however rather more, mobile 
than the corresponding air ion. Acetylene is exceptional In that 
it shows no ageing effect on the positive ion, which is always 
slightly less mobile than the negative, the mobility of the latter 
being normal. This holds whether acetylene ions are mixed with 
air, or a mixture of air and acetylene is ionised. If acetylene is mixed 
with air previously ionised, the slower (‘aged ’) air ion disappears 
in about *3 sec., leaving a positive ion of about the mobility of the 
negative, as when the ionisation is started in acetylene. This is 
strong evidence for an interchange of charge from air to acetylene. 

* In a later paper 3 he has found that O-Ol % of acetylene pro- 
duces a marked effect, which depends on the length of time the 
acetylene has been mixed with the air, 

1 Orindlay and Tyndall, Phil. Mag. xlviii. p. 71 1, 1 92 1. 

2 Erikson, 1‘hija JRev. xxvi. p. 465, 1925; xxviii. 372, 1926. 

3 Ibid. xxx. ]>. 339, J927. 
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The mobilities of the ‘recoil atoms’ from radioactive sub- 
stances give further important evidence. These are heavy atoms, 
atomic weight over 200. Rutherford 1 found that the recoil 
products from radium and thorium emanation had a mobility in 
air of 1*8, approximately that of an ordinary positiveion. Schmidt® 
found a similar result. Franck 3 and, by a different method, 
Franck and Meitner found for atoms of Thorium C" mobilities of 
1-56 in air, 1-54 m nitrogen, and 6*21 in hydrogen. Erikson5 
alone finds two mobilities, 4-35 and 1*55, for the atoms from 
radium, thorium and actinium emanations, the former being an 
abnormally large value for a positive ion. It might perhaps be 
explained by supposing that some of the ions carried a multiple 
charge. In almost all these experiments the arrival of the 
radioactive ion was detected by the radioactivity produced on 
the electrode. Thus the identity of the ion was established. 
These results are very important, as they show that the mobility 
of an ion of mass at least 200 is not sensibly different from that 
of an ordinary ion. Also they dispose of what would otherwise 
be a very attractive way of explaining this curious result, namely 
to suppose that the charge is readily transferred from molecule 
to molecule, so that whatever an ion may start as, it is soon a 
molecule of the gas through which it is moving. 

An extremely important series of experiments by Welliseh 6 
has shown that when ions are formed in mixtures of sulphur 
dioxide and oxygen, or ethyl ether and air, only one kind of ion, 
of either sign, is formed in each case, all the positive ions which 
can be detected have the same mobility and the same holds for 
the negative ions. The existence of more than one type of ion 
would, when Langevin’s method is used, give rise to a kink for each 
type on the curve representing the -relation between the charge 
received by the electrometer and the time T (see p. 108). Wellisch, 
using this method and paying special attention to the number of 
such kinks which could be detected, was never able to find more 

1 Rutherford, Phil. Mag. v. p. 95, 1903. 

2 Schmidt, Phys. Zeits. ix. p. 184, 1908. 

3 Pranck, Verb, der Dent. Phys. GeseU aa. p 397, 1909. 

4 JTranck and Meitner, Verb, der Deut. Phys QeaeLl. xni. p. 671, 1911. 

5 Enkson, Phys. Rev. sadv, p. 622, 1924; also xxvi. p. 629, 1925. 

6 WeLhsoh, Proc. Roy. Roc. Ixxarii. p. 500, 1909. 
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than one, showing that the mobility of the ion is determined quite 
definitely by the gas through which it has to move. 

He further found that the mobility of an ion formed from 
a heavy gas in a light one was practically the same as that of an 
ion formed from the light gas. This was done as follows. He 
found that hydrogen at atmospheric pressure was too little ionised 
under the conditions of experiment to give a measurable effect, 
while methyl iodide at 6 mm. pressure gave quite a strong one. 
He ionised a mixture of the two and concluded that the ions were, 
at least initially, ions of methyl iodide. The mobilities found 
however for both positive and negative ions were near those 
found for hydrogen ions in hydrogen. A similar result was found 
with ions formed in carbon tetrachloride and mercury methyl 
and then passed into hydrogen. 

It should be mentioned that Wahlin 1 in a recent paper has 
come to a different conclusion. In mixtures of two of the three, 
hydrogen, ethyl chloride and nitrogen, lie finds in each case two 
kinds of ions of mobilities in the ratio of the square roots of the 
molecular weights of the gases used. He used Method Va, which 
has been shown not to be entirely reliable, and the different kinds 
of ions showed up as kinks in the voltage-current curve. They 
do not seem very well marked in the cases illustrated in the 
paper, but he says that the curves could be repeated at will. These 
were newly formed ions, of the order of T ,l„-, sec. life. 

Erikson 2 has found that the mobilities of negative, initial 
positive, and ‘aged’ positive ions in air are. decreased in the 
same proportion by the addition of 00* and increased in the same 
proportion by that of hydrogen. 

Discussion of Experimental Results. 

38*1. Though the mobility of gaseous ions has been the subject 
of many Investigations during the last thirty years, there is still 
very much that is obscure or uncertain about this matter. The 
results obtained by different experimenters show wide variations 
and in some cases are contradictory. This is largely due to the 


i Wahlin, Rhys. Rev. xxv. p. 630, 102.1. 

a Erikaon, Rhys. Rev. xxs. p. 330, 1027. 
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fact that the mobilities of the ions are profoundly influenced by 
what might be regarded as trivial differences in the conditions 
under which the experiments are made. Thus, for example, the 
presence of a mere trace of an impurity in the gas may diminish 
the mobility of the negative ion to a fraction of its value in the 
pure gas, e.g. Franck found that the mobility of the negative ion 
in nitrogen carefully freed from any trace of oxygen was 150, 
while a mere trace of oxygen reduced it to 1*84. Again, it has 
been known from the first that the presence of water vapour 
diminished the mobility of the negative ion; most observers 
thought that it had little efEect on the mobility of the positive. 
Blanc 1 andLaporte 2 however found that for oxygen and nitrogen the 
mobility of the positive ion was greater in damp than in dry gas. 
Busse on the contrary finds that it is much less, and he is supported 
by Tyndall and Gxindley and by Mayer. Recent investigations 
by Erikson3 have shown that at any rate in some gases the mobility 
of the ions when they are first formed is greater than when they 
have existed for some time. Thus according to him freshly formed 
ions in air have the same mobility whether they are positively 
or negatively charged, but whereas the mobility of the negative 
ion does not alter with age, that of the positive diminishes and 
reaches a value about l/s/Z that of the freshly formed ion. 

The mobility of the ions is thus a function of a great many 
variables, some of which have only recently been suspected. 
This and the fact that few of the methods employed can legiti- 
mately claim to have any very great precision, makes it impossible 
to apply any vital test to the various theories which have been 
proposed. 

The chief interest m the values of the mobilities is the light 
they may throw on the nature of the ions; are these electrons, 
atoms, molecules or even more complex aggregates? Is the ion 
a stable system or does it pass through a series of phases, the 
observed mobility being merely a mean and not necessarily one cor- 
responding to any particular phase, the mobilities observed depending 
upon the duration of the phases as well as upon their nature? 

1 Blanc, Joum . de Phys. 1908, p. 830. 

2 Laporfce, Ann. de PTvys vui. p. 466, 1927. 

3 Eiikson, Phys. JRev . xz. p. 117, 1922, 
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The chief results which have emerged from investigations on 
the mobility of the ions are : 

1. The mobility of the ions, especially in the lighter gases, 
is much less than it would bo if the ion consisted of a single 
molecule, having the same free path as an uncharged molecule. 

2. The mobility of the ions depends only on the gas through 
which they move, so that though in a mixture ol gas there may be 
ions of different kinds all the ions of the same sign have the same 
mobility. An exception to this is the discovery by Erikaon that 
aged positive ions have a smaller mobility than fresh ones (see, 
however, p. 154). 

3. In the lighter gases the mobility of the negative ions is 
greater than that of the positive. 

4. The mobility of the negative ions is diminished by traces 
of the vapours of water and various alcohols. 

5. For positive ions the product of the mobility and pressure 
is constant over a very wide range of pressure: for negative ions, 
on the other hand, the product, when the pressure gets low, rapidly 
increases as the pressure diminishes. 

6. The results of experiments with radioactive ions show that 
a heavy ion has the normal mobility and retains its identity during 
the motion through the electric field. 

It is helpful to consider from the point of view of the Kinetic 
Theory of Gases the various conditions which might be expected 
to affect the mobility of the ions. The mobility of an ion through 
a gas is proportional to the coefficient of diffusion of the ion 
through the gas. This coefficient 1 is equal to 

*Aa/ \ ( 1 4- 1 ') (1), 

V irh \m x m a l ' 

where € is a numerical constant, A the free path of the ion through 

the gas, m lt the masses of the ion and molecule respectively, 

and h — RT/2, where T is the absolute temperature and It the 

gas constant. Lot us consider what would bo the effect of the 

electric charge on the free path supposing for the moment that 

the mass of the ion is the same as that of a mol ceule. The attraction 

between an ion and a molecule would in consequence of the charge 

I Jeans, Dynamical Theory of Gauex, p. 332. 



MOBILITY OF ION'S 


38 * 1 ] 


157 


be greater than that between uncharged molecules; thus the ion 
and the molecule will be dragged together and the free path of 
an ion will be shorter than that of a molecule. Thus A for the 
ion will be less than that for the molecule, so that the coefficient 
of diffusion will be less. 


If A' is the free path for the charged ion supposed monomolecular, 
A that of the uncharged molecule, w the work required to separate 
an ion from a molecule with which it is in contact, we can show 
that 

.y - A 

1 + a (to/RT)* ’ 

if the force between the ion and the molecule, like that between 
a charged point and a metal sphere, varies inversely as the fifth 
power of the distance: in this formula a is a numerical constant. 


If the force between the ion and the molecule varies inversely 
as the cube of the distance, as it will if the molecule be polar, then 

y- A 

1 + a'wjRT * 

"We see from these expressions that if we are to explain by the 
charge alone the slow diffusion of the ion, then w must be large 
compared with RT, or the work required to separate an ion from 
a molecule must be large compared with the kinetic energy of 
a molecule due to thermal agitation. It follows however from 
the principles of thermodynamics that when this is the case the 
ions will unite with the molecules and form aggregates, and thus 
any considerable diminution in the free path is inconsistent with 
monomolecular ions. 


Let us consider some other consequences of supposing that 
the diminution in the mobility is due to the charge on a mono- 
molecular ion. When wJRT is large, on the inverse fifth power law, 

y A 

a (w/RT)* " 

If Sx and s z are the radii of the ion and molecule respectively, 
since the force varies inversely as the fifth power of the distance 
and as the volume of the molecule, w is proportional to (Sj + s 2 )-*s i s , 
while A is proportional to (s x ■+■ s 2 ) -2 , A /w* is proportional to a a ~$ 
and does not depend on the size of the ion but only upon that of 
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the molecule. Thus since A' does not depend upon the nature 
of the ion, the variation of the mobility with the nature of the 
ion will by equation ( 1 ) be proportional to 



Thus when the mass of the ion is greater than that of the molecule, 
the mobilities, when the mass of the ion is 1, 2, 3 ... oo times that 
of the molecule, are in the ratio of 1-43, 1*22, 1-L5 ... 1. Though 
these differences are not very large they are much greater than 
are consistent with one mobility for one type of ion, while the 
mobility of a light ion through a heavier gas will be much greater 
than that of an ion formed by a molecule of that gas; thus if the 
mass of the light ion is 1/4 of that of the molecule its mobility will 
be 1-6 times that of the molecule, while the mobility of a hydrogen 
ion through methyl iodide will be six times that of a methyl 
iodide ion. 

The case we have considered when A' is independent of the 
nature of the ion, is the one which gives the greatest chance for 
the mobility of the ion to be independent of its nature; we have 
seen, however, that even in this case there would be much greater 
variations in the mobility than are consistent with the experiments. 
We are forced to the conclusion that the ions if monomolecular 
cannot remain unaltered during their path through the gas, but 
go through various phases, in which they have different mobilities, 
and that the mobility measured by the usual methods is an average 
and not its value in any particular phase. 

38'2. Thus to take the case of a negative ion in a mixture of 
two gases A and B. It begins by being an electron, then it unites 
with a molecule of A to form a negative ion, then perhaps it 
unites with one or more molecules of A or B to form an aggregate, 
which may be itself transitory and dissociate; thus the process 
is repeated many times during the course of the measurement of 
the mobility, that measurement giving the average mobility and 
not the mobility in any special phase. 

Again to take the case of the positive ion in a mixture, suppose 
this commences as a molecule of A ; after a time it joins up with 
other molecules and forms an aggregate, this aggregate breaks 
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up and another one is formed, and so on, the mobility measured 
being again an average. It does not necessarily follow that tbe 
positive charge always remains associated with the same molecule; 
when in an a gg regate the positively charged molecule might 
abstract an electron from another molecule and become neutralised 
and break away from the aggregate as a neutral molecule, its 
positive charge having been transferred to the molecule from 
which it abstracted the electron. The probability of this would 
depend on the electrochemical properties of the charged molecule, 
a positively electrified molecule of a strongly electronegative 
element like iodine would be more likely to abstract electrons 
from the other molecules in the aggregate than the positively 
electrified molecule of an electropositive element. It appears from 
Erikson’s work that an air ion can transfer a charge to acetylene, 
but radioactive recoil ions certainly do not lose their charge in air. 

The effect of age on the mobility of positive ions might be 
explained in some such way as the following. Let us suppose 
that in the gas there is a small quantity of some impurity which 
f orms with the ion an aggregate of exceptional stability. To take 
an extreme case let us suppose that the aggregate is permanent 
until it is neutralised by combination with an ion of the opposite 
sign. As these aggregates are so much more permanent than 
others, the ions of one sign would ultimately all be found in these 
aggregates, and as these do not break up the mobility measured 
would be the mobility of this particular aggregate. This view is 
in accordance with the fact that the time taken to ‘age’ the ion 
is a considerable fraction of a second, and is therefore enormously 
greater than the interval between collisions of the ion with the 
molecules of the gas at a pressure approaching atmospheric. 

~We may hope to get direct evidence of the existence of different 
phases in the life of an ion by experiments of the type of those 
discussed on p. 144; these methods have already been applied to 
give a measure of the life of an electron in a free state, they might 
with little modification be applied to find the life of any par- 
ticular phase of an ion. 

The influence of diff erent phases is shown most dearly by the 
carriers of negative electricity, for which one of the phases is an 
electron, having a mobility many hundred times that of the 



160 


MOBILITY OF IONS 


[38-2 

other phase, the negative ion. Thus even though tho life of an 
electron is but a small fraction of the life of an ion, the existence 
of the electronic phase may make the average mobility con- 
siderably greater than that of the negative ion. If are 

respectively the lives of an electron and a negative ion, K ls K z 
the mobilities of the electron and negative ion respectively, then 
the observed mobility of tho negative carrier, K, will be given 
by the equation 

z 

I + *8 

The electron passes from the free state when it unites with a 
molecule to form a negative ion. Loeb has shown that the number 
of collisions an electron makes before uniting with a molecule to 
form a negative ion is independent of tho pressure of the gas. 
The time between each collision will vary inversely as the pressure 
of the gas, so that t x will also vary inversely as the pressure. The 
time t 2 is the time the electron remains combined with the molecule. 
The separation of tho electron from the molecule is represented 
by the monomolecular reaction 

negative ion 32 : electron -f- molecule, 
and l/t 2 is the rate of this reaction. 

The mechanism of monomolecular reactions is a subject of 
profound interest; the reaction which has been most closely 
studied is the decomposition of N 2 0 6 . The rate of this does not 
vary with the pressure, and the dissociation seems to be spon- 
taneous, in the sense that it docs not depend on such external 
agents as collisions with other molecules or the effect of radiation. 
Assuming that t 2 is independent of the pressure p, we have 
hlh - P/p, * 


JTiEH 


K 


p 


+ 1 


.K’l.and vary inversely as p; let K x p, K % p be denoted by A and 
B respectively, then 

aZ + b 
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The graph representing the relation between Kp and corresponding 
to this equation is shown in Fig. 45. Fig. 40 shows the graph 
obtained by Kovarik by his experiments, p. 130. It will be 
seen that the two graphs are of the same general character, 
indicating a large increase in the value of Kp at low pressures. 
We may take this as an indication that the life of the negative 
ion, if not sensibly infinite, does not vary rapidly with the pressure. 
If the splitting ofE of the electron were due to the impact of other 



molecules we might expect that the life of the negative ion would 
be inversely proportional to the number of impacts per unit time, 
and so inversely proportional to the pressure. If both tx and Zg 
varied inversely as the pressure, we see that Kp would be constant, 
and this is contradicted by the experiments. 

The mobility of the negative earner would on this view be 
very sensitive to the duration of the complex phase, and if any 
impurity was present which formed complex phases of great 
stability the mobility of the negative ion would diminish. If 
this substance were present in very small quantities, it would 
take some time before the electron entered into a complex 
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containing this impurity, so that the mobility of the negative ion 
would be greater when it was fresh than it would be later. Lattey, 
as we have seen, found that the mobility was greater under strong 
electric forces, when the observations would be made while the 
ions are fresh, than when the electric forces were weak, when the 
ions would be older before they passed out of observation. 

If we measure the mobility by timing the ion across a given 
space the abnormality comes in when the time of transit 
drops below a certain value; one way of diminishing the time is 
by diminishing the pressure, and thus we should expect to reach the 
abnormal stage by diminishing the pressure. This is a well-known 
effect. Another method would bo by increasing the electric field. 
Thus by continual increase m the electric field we ought to reach 
a stage where the mobility is abnormal, t.e. where the apparent 
velocity increases more rapidly than the electric force (see p. 135). 
Another method would be by diminishing the distance passed over 
by the ion in the experiment; if we measured the mobility over 
very short distances we should expect the abnormal increase in 
the mobility to come in at higher pressures than when the distance 
was large. Anything that diminished the life of the negative 
ion as a free electron would tend to retard the period at which 
abnormal mobilities began to appear; this is in accordance with 
the observation of Lattey 1 that pa increased rapidly in dry 
gases at a pressure where it remained constant when moisture was 
present. Water vapour and the electronegati ve gases have ex- 
ceptionally strong affinity for the electron and so curtail its 
life in the free state. Hitherto we have been considering the 
case of the negative ion. Somewhat similar considerations 
will apply to the positive one which may alternate between a 
single molecule and a cluster ; inasmuch however as the di fference 
between the mobilities of a single molecule and a cluster is at 
most about 50 per cont.., while the mobility of the free electron 
is some thousands of times that of the cluster, the effects on 
the positive ion will be insignificant compared with those on 
the negative one. Since the time taken by an electron to 
pass over a constant distance & is directly proportional to the 


I Lattey Proc. Roy. Roc. Ixxriv. p 179, 1910. 
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pressure p and inversely proportional to the electric force X, it 
will be unaltered if X/p is unchanged; thus the stage at which the 
mobilities become abnormal will be determined by Xjp having 
a certain value or, if the distance d vanes, by Xfpd having a definite 
value. 

38*3. The mobility of the negative carrier when m the electronic 
phase will depend on the velocity the electron possesses before 
the electric force is applied. If this velocity is not that corre- 
sponding to the energy due to thermal agitation, i.e. at 0° C. 
about 10 7 cm./seo., then the ordinary expressions for its mobility 
will not apply. It seems however unlik ely that the electron in its 
short life should get into thermal equilibri um with the gas, for owing 
to the enormous difference between the masses of the electrons 
and atoms the transference of energy from one to the other is an 
exceedingly slow process. Direct evidence of this is afforded by an 
interesting experiment made by Franck a n d Hertz x . They started 
the electrons from a hot wire placed in one part of a vessel contain- 
ing hehum, with a velocity corresponding to a fall of potential of 
several volts at low pressure, and then collected them in another part 
of the vessel at a considerable distance from the place whence they 
started, and found that an appreciable fraction of them retained 
velocities approaching those of their projection, though in the 
interval they must have made a very considerable number of 
collisions The velocities so retained were large multiples of those 
corresponding to the thermal agitation in the gas. The difficulty 
in transferring energy between the electrons and the molecules 
makes the initial velocity of the electrons an important matter 
in connection with the question of mobility, for there seems 
considerable probability that during the hie of the electron 
this will not be greatly altered by the collisions. The connection 
however between the velocity of the ion and the electric force and 
the pressure is very different according as the velocity of the ion, 
apart from that due to the electric force, is small or great compared 
with that generated m the electric field between two collisions. 
In the former case it is proportional to VXA or •s/Xjp and in the 
latter to Xjp, where X is the electric force, A the free path and p the 

i ITranck and Hertz, Verh Dewtech. Phys. Gesett L xv. p 373, 1913. 
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pressure. In the first ease the velocity to of a negative ion would 
he of the form 


w = aVX/j > 4- b — or pw = aV Xp 4- bX, 


in the latter w = a' - - 4 -b' -■ , 

p p 

whore a, 6, a', b' are constants. It is only in the latter case that 
the ‘ mobility’ of an ion has a simple meaning, for in the other the 
velocity is not directly proportional to the electric force. In the 
latter case too pw is independent of p, while in the former it 
increases, though it may be slightly, witli p. Now as far as our 
knowledge goes at present, there is no evidence that the velocity 
of the negative ion at not very low pressures is not simply pro- 
portional to the electric force, even in those gases where there is 
considerable difference between the velocities of the negative and 
positive ions. The evidence too seems to show that in these gases 
there is a considerable range of pressure over which pw is constant. 
Both these results point to the conclusion that the free electron has 
a very considerable amount of energy independent of that given to 
it by the electric field. Wo could not have assumed this result 
without collateral evidence. When the negative ion is alternating 
between tire electron and the cluster the energy independent of the 
electric field which it possesses will be its energy when the cluster 
breaks up. According to the theory of the equipartition of energy, 
this energy should bo that possessed by a monatomic molecule at 
the temperature of the gas, which would satisfy the condition 
of being, under normal conditions, large compared with that given 
to the electron when describing a free path under the electric 
field. The law of the equipartition of energy is however a some- 
what treacherous guide; it certainly does not hold, for example, for 
the numerous electrons which form a part of tins structure of the 
atom. In the ease of an election in the cluster however the 


forces acting on it ate much less intense than 011 those inside the 
atom, and the looser the connection of the electron with other 
systems the more likely is it, given sufficient time, to acquire the 
energy corresponding to equi partition : it seems quite possible 
that in the cluster we have a system in which there is at least an 
approximation to equipartition. 
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Theory of the Mobility of Ions. 


39 * 1 . When an ion with a charge e moves under an electric 
force X and attains a constant velocity v, the momentum Xe 
communicated to the ion in unit time by the force must equal 
the momentum in the opposite direction given to it by the mole- 
cules through which it is moving. 

Maxwell 1 has shown that when a gas A containing N molecules 
per unit volume moves through a gas B containing N' molecules 
per unit volume, the momentum P communicated to the N 
molecules of A per unit time by the collisions with the B molecules 
is equal to 

•••«*-« “’V. (f.. £i)/» (?., v„ £.) 

Vbdbdi^dtxdi^dU, 

where M x and M z are the masses of an A and a B molecule respec- 
tively; -jji, £ x ; yfe, £ 2 are the components of the velocities 
of the A and B molecules respectively before a collision; 

/(£ V, 0 d£, dr), dC 

the number of molecules which have velocities whose components 
are between £ 4- d£, 1 7 + dr), £ + d£, V is the relative velocity of 
two particles before the collision, so that 

v» = (& - &)* + ( Vt - Vl y + (£2 - Si) 2 , 


2 6 is the angle through which the relative velocity of the two 


molecules is turned by the col- 
lision, b is the perpendicular let 
fall from one molecule B on the 
line through A parallel to the 
direction of relative motion before 
the collision. If the collision is hke 
that between two elastic spheres, 
the angle between the direction 
of relative motion and the line of 


centres is sin-* 1 - , where a is the 

O’ 



x Collected Pagers, voL u. p. 20. 
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sum oi the radii of the spheres; this angle has the same value 
before and after collision, so that 




a 


If instead of collisions between perfectly elastic spheres we 
suppose that the molecules repel each other with a force varying 
inversely as the (n + l)th power of the distance, we can obtain 
the value of 0 as follows. Since the centre of gravity of the two 
particles will move uniformly in a straight line, if wo superpose 
on each of the particles a velocity equal and opposite to the initial 
velocity of the centre of gravity the relative motion of the two 
will not be affected, while the centre of gravity G will remain at 
rest. The initial velocity of A relative to the centre of gravity 
is coV, where a> — + M. £ ) ; the perpendicular from G on 

the line of this velocity is cob; and if p is the distance of A 
from G at any time, r the dtstance AB at the same time, then 
p — cor. 

The repulsive force acting on A is K/r n ( 1 or K'/p”**, where 
K' — Kco n+1 . Thus A may he regarded as moving under a 
central repulsive force from G equal to K'jp ,lil . U <f> h the 
angle which GA makes with the line joining G to the apse of A’ 8 
orbit, we have 

R^-^Vb-b; 


by the energy equation we have 

* W + ($)’} - 1 r* - 1 *'> 

or 

which is equivalent to 


ar 


yz _ yz yt _ ? J£ 
r a n Mr n 




where M = M 1 M 2 f(M 1 + M z ). 

At the apse drjdt — 0, so that if r' is the least value of AJB, r' 
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must be a value of r which makes the right-hand side of equation 
(2) vanish, 

, f A ,, f h dr f Ybdr 


, f h, , f h dr [Ybdr 
<P ~ J p 2 dt ~ I psfo- r *dr 

J dt I dt 


1 _ b s u z - 


bdu .. 1 

5, if u = - 

„ 2Ku n ^ r 


nMV 2 


1 — X s 


©T 


if a n mm nMV 2 b n /K. 

The value of x corresponding to the apse is a root of the equation 


1 — x z 


©”-»• 


Let us call this value x', then ^ — 6, the angle the initial 
relative velocity makes with the apse line, is given by the equation 


|_r_ 


K dx 

M— ©f 


thus 6 for a given value of n depends only on the value of a 


"We have 


so that 


iM= (^MwT ada > 

2 

f. ain ’ $ada - 


The integral, which we shall denote by C, is a number depending 
only on the value of n 


fr 1 ”0 


Thus P the momentum communicated m unit time to the A 
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molecules in unit volume by the B molecules is given by the 
equation 

P = 4v (-)” / (£, - &)/* <&, Q/ 2 (fc, ,2, W 

F n d^ 1 dr] 1 d^ 1 d^ 2 d7]nd^, 2 . . .(4); 

when n = 4, F disappears from this expression, which becomes 

27 T K^31 i ONN'u, 


where m is the velocity of the gas A through B. Tn this rase the 
result is the same whatever may be the distribution of velocities 
among the molecules of the gas; it does not for example require 
them to be d istributed in accordance with Maxwell's Law. 

If the gas A consists of ions with a charge e moving under an 
electric force X, the momentum given to the ions per second is 
XNe; equating this to the momentum lost hy the ions in the same 
time we have, when n — 4, 

XNe - 27rK*M*CNN'u, 
or u - Xel?mT&M±QN\ 

If 7c is the mobility of the ion u — JcX , so that 

& 

2^K*M*CK' ‘ 


In this case the mobility is always independent of the electric 
force and inversely proportional to the pressure. 

Another case which can be treated by equation (4) without 
evaluating the functions f t and /* 2 , is when the velocity of the 
A' ions due to the electric field is very great compared with the 
velocity due to thermal agitation of either the A or the li molecules. 
In this case F may bo regarded as constant and if the direction 
of motion of the A ions is along the axis of x, *- V; on these 

suppositions 

/ P"\ n l— - 2— * 

M n CV n .NN f , 


and since P = XeN 
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where 


a 


1 ( K \ • 

inCMKnMJ 


Thus unless n — 4, V will not be proportional to X, and there 
will be no definite mobility in the ordinary acceptation of the 
term. 


In the case n = oo , which is that of collision between elastic 
spheres, V is proportional to X^. When n = 2, i e. when the force 
between the ions and the molecules varies inversely as the cube 
of the distance, P is independent of V, so that there is no steady 
state unless X = 2irKGN je. When n = 1, i e. when the force vanes 
inversely as the square of the distance, V varies as X~ 2 . 

The case of collisions analogous to those between elastic spheres 
is an important one and gives a simple expression for the relation 
between V and X. In this case 

sin 2 0 = 1 — 

a* 


where a is the sum of the radii of the spheres ; when 6 is greater 
than cr, 9 vanishes, hence 


/: 


sin* 06<26 = 
o 4 


and 


hence 
1 


P - t r<r*NN'V*M = XeN, 

T 7 _f X* I 1 


{MN'-tto 2 ] * 

is proportional to A the mean free path of a molecule of A 
through By hence 


Foe 


(XeX^ 

\ M ) ' 


Langevin’s Evaluation of P. 

39*2. When the velocities of the molecules are distributed 
according to Maxwell’s law, Langevin 1 has shown that P reduces 
to the form 

P = i &NN' J o °V (v) e-*z*dts, 

I Iiongevin, Ann. de Chim. et de Phya. viiL t. 5, p. 246, 1905. 
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where u is the average velocity along x of the A ions relative to 
the if molecules, 

<f> (v) — f sin 2 Ob db, 

J o 

V {Ail/}', 

and h — 3/4 a 7 1 * , where T is the absolute temperature of the gas 
and uT the mean kinetic energy of a molecule of any gas at this 
temperature. 

When the collisions are like those between perfectly elastic 
spheres, </> (v) = a 2 /d and 

P = »NN’ *r?\ l o>n fV*V<fe 
(. ft j .'<> 


~ »NN 


l A ) 


■(*), 


since 


f e-V 5 

J o 


: s dz = 1. 


.Equating this value io iVXe we see that /r the mobility of the 
ion is given by the equation 




3 c 


.« Jj 
■ a w' V. 


h )* 
>/[ 




8 <rW' 

When the ions and molecules act on each other with forces 
represented by Kfr n+1 , 

(see equation (3), p. IC7) and 


and A the mobility of the ion is given by the equation 

2 

1 


1 * 

, _ 3<? J A I a / n \ n 1 
^ “ 32W' Vikfj VW 6' ' 


I €*~* 2 w 

Jo 


.(7). 




A case worthy of notice is when the deflections of the ions are 

supposed to be due mainly to elastic collisions between the ions 

and the molecules, while the number of collisions is supposed to 
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be increased by the forces between the two We can take this 
into account in the following way. If the deflections are due to 
collisions 

where p is the perpendicular from the centre of the molecule on 
the path of the ion when it strikes the molecule. If V is the 
relative velocity of the ion and molecule at impact 

v p = Vb, 

2R 


and 


v* 


V 2 


M ’ 


where R is the work required to move the ion from the surface 
of® the molecule to an infinite distance away; 


sin* 0=1 — *-5 = 1 — 


6 * 


cr 2 o- 2 (1 + 2R/MV 2 ) ' 

Thus 6 has finite values from 6 = 0to6=o-{l + 2 R/MV 2 }^, so 
that 

a 2 


J sin® dbdb = ^(1 + 2 RfMV 2 ). 


Substituting this value for <f> (v) in Langevin’s expression we 


find 


h--- 

ft o 


iJLV 

8 <7® N' (1 + Rh) \ttM) 


.(8). 


Motion of Ions through, Mixed Oases. 

39*3. If the ions move through a mixture of gases the momen- 
tum communicated to them per unit time will be the sum of the 
momenta contributed by the constituent gases, thus 

{m, (=£)* (Xffc, /W'" ..(«). 

where N r , M r , K r , C r refer to one of the gases; if the law of force 
is the same for all the gases C r will be the same also. 

1 P 
Tc Nue ’ 


Since 


we see that the reciprocal of the mobility should be a linear 
function of the concentrations of the gases. 
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In the case of elastic collisions, if there arc two gases A and B 


1 

X 




\v here iV^and A^arotlio numbers of molecules of A and li respectively 
per unit volume, ct, and cr 2 arc respectively the sums of the radius 
of the ion and that of a molecule of A and li, and M Jt d/ a the 
harmonic means of the mass of an ion and that of a molecule of 
A and J) respectively. 


When the mobility is calculated on the theory of forces varying 
inversely as the (n l)t.h power of the distance, the reciprocal of 
the mobility is proportional to the expression inside the bracket 
on the right-hand side of equation. (9). If the force between 
an ion and a molecule does not depend on the size of the ion as 
long as the charge remains the same, K r t he force bet ween the ion 
and a molecule of the r gas will not be affected by the presence 
of the other molecules, so that in this case the reciprocal of the 
mobility should be a linear function of the percentages of the 
various gases in the mixture. In the case of the clastic, collisions 
this would not necessarily he the case, as the size of an ion in the 
mixed gases might conceivably differ from that in either gas 
separately, thus oq and cr 2 the sums of the radii of the ion and the 
molecules might possibly involve A\ and ,V 2 ; if t his were so the 
relation between 1 Jk and the N * s would not be a linear one. 

Blanc 1 measured the mobilities of the ions in mixtures of 00 2 
and IT 2 and of air and ( ! 0 2 in all proportions, and he found in the 
former mixture the relation between the reciprocal of t he mobility 
and the percentage composition was quite accurately a linear one, 
whilo in the second case it was very approximately so; in this 
paper too he showed that the mobility of an ion made in ( *0 2 and 
driven through air was the same as that of an ion made in the air 
itself. 


Przibram* measured the mobilities in various mixtures of the 
vapours of alcohol and water and found that in this case the 
reciprocal of the mobility was not a linear function of the 
percentage composition. 


x Blanc, Comptrs jRentlux, rxlvii. p. 30, 1008: Thill. Nor. Fra rip. dr Phyit. 1908, 
p. 150. 2 Prabram, Phyx. ZniU. jciii. p. .’M3, 1012. 
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WeUisch has measured the mobilities of the ions in mix tures 
of methyl iodide, CH 8 I, a very heavy gas, and hydrogen the lightest 
gas known. The following table contains the reciprocal of the 
mobility of the positive ion as found by Welhsoh 1 and the value 
calculated on the assumption that it is a linear function of the 
partial pressures of the gases. 


Pressure %n mm. of mercury. 


CH S I 

H, 

Observed 

Calculated 

70 


•374 


70 

59 

•397 

*386 

70 

183 

-458 

•410 

70 

315 

•485 

•436 

70 

687 

•5 

-509 

51 

— 

•253 

-272 

51 

16 

•263 

•275 

61 

61 

•285 

•284 

51 

334 

•333 

•337 

51 

714 

•377 

-412 

25 

— 

•133 

•133 

25 

85 

•169 

•150 

25 

360 

•250 

•204 

25 

732 

•285 

*277 

12 

373 

•168 

•137 

12 

751 

224 

*210 

6 

379 

•105 

*105 

6 

757 

•192 

-179 


Though in some cases the differences between the observed and 
calculated results are considerable, the fact that they are some- 
times of one sign and sometimes of the opposite, and that in nearly 
half the cases the agreement is within the errors of experiment, 
points I think to the conclusion that even with this mixture, where 
the molecular weights are so different, the reciprocal of the mobility 
is probably a linear function of the concentration. 

loeb and Ashley 2 have made measurements of the mobilities 
in mixtures of air and ammonia. They plot the mobility against 
the concentration, giving a curve. If however the reciprocal of 
the mobility is taken, it varies in an almost linear manner with 

x Wellisob, Proc Boy. JSoc. lxxxh. p. 513. 
s Loeb and Ashley, Proc. Nat. Acad. Sen. x. p. 351, 1924. 
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the concentration. Mayer 1 finds that the reciprocal law holds for 
mixtures of hydrogen and oxygen, while Loel> and du Sault 2 have 
proved it for mixtures of hydrogen and acetylene. 

I’rabramS has given another expression for the mobility of the 
ions in a mixture of two gases A and 11. If /•, and are the 
mobilities of the ions in t he pure gases A and H respectively, at 
the pressure p, then 

/• ^ /• ' ^ 

Al " F iVi/.’ *' V°**VM* * 

He assumes that k jvt the mobility of the ion in the mixed gases 
is of the form 

/, „ A 

12 “(?d 


where p x and p % are the partial pressures of the gases, 

yj ?{l ,‘1/jL !_ ki . 


„ a Vi** h ? > a° r 2 2 
7>i + y* 




/'i : /'a 

substituting these values we find 

p (p t -f (d/, .!/»)• 

(^l'/d '!■ d/ a ^ 2 )^ (/7j i '/7 2 X* i.'l/d" 


"12 


This formula however does not give quit*? as good agreement 
with experiment as the simpler one just discussed and it has not 
the strong support from dynamical considerations to which the 
latter is entitled. 


The Effect of the Mouses of the Ions on their Mobitifi/. 

39*4-. We see from the expressions that we have obtained for the 
mobility that whatever may be the law of force between ions and 
molecules, the connection between the mobility and the masses 
of the ions and of the molecules t hrough which t hey move is always 
the same, and identical with that which exists when the collisions 
are like those between elastic spheres. In every case, the masses 
only occur in the factor M~-, where M Jf, -{• M a ). 

When M x is large compared with J/ 2 , M is approximately equal 
to M t and is thus independent of d/,. The mass of the ion, 

1 Mayor, Phy/t. % otto, xxvju. j>. 037, J!)27. 

2 Lool> and du Kiuilt, Prop. .V«7. Apart. Pci. xiii. j>. 510, 1927. 

3 Pmbium, JPhys. Zeite. xiii. 545, 1912. 
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provided it is a considerable multiple of that of a molecule of the 
gas through "which it is moving, will thus not affect its mobility. 
On the elastic sphere theory of collision, if the increase in mass 
were accompanied by an increase m the size of the ion, the 
occurrence of cr a m the denominator of the expression for h would 
make the mobihty of the heavy ion less than that of the light one. 

In the case of positive ions in an elementary gas, the smallest 
ion might be an atom, so that if the molecule were diatomic 
M x = M*J 2 and therefore M = M 2 /3. 

For the greatest possible positive ion M x would be infinite 
compared with M t and therefore M = M 2 Since the mobihty 
vanes as the range in mobihty due to the variation in M 

would be -\/3 to 1. On the collision theory this would have to be 
multiplied by cP[cr 0 2 , where or, ar 0 are respectively the distances 
between the centre of a molecule and the centres of the largest 
and smallest ions. For negative ions the range is greater. When 
the negative ion is an electron M x is very small compared with 
M 2 , so that M — M x , while for the most massive negative ion 
M = M 2 ; so that in this case the range in mobilities is 
or in the case of air about 225 to 1. In the collision theory this 
has to be multiplied by o- a /o- 0 a . If the larger ion were a single 
molecule this quantity would be equal to four, so that the mobihty 
of an electron might be expected to be at least 1000 times that of 
the negative ion. 

The values actually found by Loeb and Wahlin for electrons 
in nitrogen for small fields are 30,500 and 18,000 cm./sec. or 
about 16,000 and 10,000 times the mobihty of a heavy negative 
ion. These results are strong support for the collision theory, 
which may as we have seen be modified so as to take account of 
the attractive forces between ions and molecules without altering 
the dependence on o a /cr 0 a . It should be remembered that the 
experiments of Ramsauer, Townsend and others show that the 
effective cross-section of the molecule for electron collisions is a 
complicated function of the velocity of the electron. H. A. Wilson 1 
and K. T. Compton® have both found theoretical expressions for 

x H- A. Wilson, Proa. Boy. Soc. rail. p. 53, 1923. 

a K. T. Compton, Phya. Rev. xxL p 717, 1923. 



MOBUDITV OF IONS 


170 


[39-4 


the mobilities of free electrons. Wilson considers a gas whose 

molecules consist of shells of electrons surrounding positive nuclei 

Compton brings in the loss of energy due to the finite mass of 

the molecules; he finds 

; 0-8I5eZ 

V Hmc |^12 H ir a ) | 

where oil is the mean kinetic energy of the gas atoms, eW that 
of the electrons, and Z the mean free path of {.he electrons. This 
equation gives a rough agreement wit h Loch's values for helium, 
and Locb says it agrees well with Townsend’s experiments oa 
the same gas (see p. I -IS), if in both eases Z is taken as half the 
value to ho expected on the kinetic; theory. 

Wahlin has found that Compton’s formula gives fair agreement 
with his experiments on the mobilities of free; electrons in nitrogen, 
but only if l is taken as about 2-7 times the value obtained on the 
ordinary kinetic theory. Tt should be. remarked that in these 
experiments the variation with strength of field is very marked. 
Thus Wahlin found the mobility at 50 volts per cm. only 1/3 of 
that for vanishingly small fields. This was at atmospheric pressure. 
A formula duo to Loeb fitted Wahlin’s experiments on CO if 
suitable constants wore taken, but failed for .Loob’s own ex- 
periments on helium. The work of § Id Mi shows that the free path 
of an electron depends greatly on its velocity. 

It seems improbable that any really satisfactory formula for 
the mobility of free electrons will be found until more is known 
of the nature of the collisions between electrons and molecules 
at slow speeds. It is to be hoped that the new wave mechanics 
will lead to advances in this direction, and provide a. detailed 
explanation of Kamsauer’s remarkable results. 


The Effect of Temperature on Mobility. 

39*5. Since the quantity h which occurs in the expreasions 
for the mobility is inversely proportional to T the absolute tem- 
perature, we see from the equations in Art. 39-2 that, if tlie actions 
between ions and molecules are regarded as 

(I) like those between elastic spheres, since /•■ contains the 
factor hfc it will vary as T~^; 
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(2) like those between elastic spheres, account however being 
taken, of the efEect of attractions between ions and molecules in 
increasing the number of collisions, since h contains the factor 

ft i 

I+S xt vary aa 

(3) like those between centres of force varying inversely as 

the (n + l)th power of the distance, since h contains the factor 
i a 2 l 

A 3 * it will vary as jT n ~ 3 . 

If the ions are aggregates of molecules, the size and mass of 
the ions may alter with the temperature; the alteration in size 
would affect the mobility in cases (1) and (2) where Tc contains 
the factor 1 jcr\ m case (3) the size of the ion would not afEect the 
mobility if the force between the ion and the molecule depended 
only on the charge on the ion and not on its size. Any alteration 
in the mass of the ion would afEect the mobility in the same way 
in all three cases; this efEect however would be comparatively 
small 

Phillips’ experiments show that h cannot vary as T v if p has 
a finite value, as according to them Tc is practically constant over 
a considerable range of temperature ; if n — 4, i.e. if the force 
between the ion and the molecule varied inversely as the fifth 
power of the distance, p would be zero and the mobility would be 
independent of the temperature. Phillips however observed con- 
siderable diminution in mobility at low temperature. 

Sutherland 1 has shown that the law indicated in (2) expresses 
Phillips’ result fairly well over a considerable range of temperature, 
though not below about 100 absolute. If a = 333 for the negative 
ions and 609 for positive, this would give a maximum mobility 
for the negative ions at 60° C. and for the positive at 236° C. 

We could avoid all the difficulties from the variation of the size 
of the ion with temperature if we worked with the negative ion in 
well purified argon or nitrogen, as the ion m this case seems always 
an electron: experiments of this kind should give decisive evidence 
as to the nature of the action between electrons and molecules. 


TCB 


z Sutherland, Phil. Mag . vi. 15, p. 341, 1909. 


12 
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Brikson’s results also show a maximum at a certain tem- 
perature, but this is rather lower than for Phillips’ results. 
Kovarik’s experiments show no well-marked maximum. 

The, Formation oj < tuples John. 

40-1 . On the supposition that the act ion between ion and mole- 
oule. is that between elastic spheres, equation (<») enables us to cal- 
culate numerically the value of /•• if the mass of the ion is supposed 
known. First suppose that the ion is a charged moleeulo of the 
gas, and that the diameter or is that found by the kinetic theory 
from measurements of viscosity. Putting In the numbers appro- 
priate to oxygen we find for k at atmospheric temperature and 
pressure, 1 -59 x TO 5 in tt.ri.ir. or 5*3 cm./see. per volt/cm. This 
is about three times the. experimental value for the negative ion 
and four times that of the positive. A similar discrepancy is 
found in other cases. This is in accordance with the fact that 
the coefficient of diffusion of ions is of the order of that of the 
molecules of a very heavy gas, and much less than that of a gas 
of the same molecular weight, as that in which the ions are formed. 
It suggests that the ions are heavier t han molecules, and consist 
of a complex group of molecules. We have seen in the discussion 
of recombination that to obtain agreement between theory and 
experiment we are obliged to suppose that the ion has several 
times the mass of a molecule. This was the case whether the 
coefficient of recombination was calculated from first principles 
or indirectly from the observed value for the mobility. We 
also saw that, on certain assumptions, it, was more likely that 
an ion should attach itself to a molecule than that it should 
remain unchanged till it recombined with one of the opposite 
sign. 

The question of whether the ions remain of molecular dimen- 
sions during their whole life or form complex groups as suggested 
above, has been much discussed. One apparent way of escape 
from the group theory is to take account, of the effect of the 
probable electrostatic attraction between an ion and a neutral 
molecule in shortening the mean free path and so decreasing the 
mobility. But, as was remarked in the discussion on recombina- 
tion, and as can bo seen direct ly from equation (a) where this 
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effect is allowed for, tlie condition, that it should be important is 
that the work required to separate an ion from a molecule should 
be larger than the mean thermal energy at the temperature in 
question. But this is precisely the condition that formation 
of complexes should occur in the state of thermodynamic 
equilibrium. Regarding the process as a reversible reaction 
MM' M + M\ where M' represents a charged molecule and 
M an uncharged one, the extent of the formation of the complex 
is represented by the equilibrium constant K defined by 

K = Pm- Pm'!Pmm'> 

where the quantities p are the partial pressures of the various 
constituents measured in atmospheres. 

Nemst’s equation may be written 

log „k-- ¥ £ it + fgf- iog„ r + so. 


where U is the heat set free per gr amme molecule by the formation 
of the complex, o 9 is the specific heat per molecule, G is the 
corresponding chemical constant and the s ummat ions refer to 
the constituents taking part in the reaction, those on the left- 
hand side of the equation of reaction having a negative sign. At 
atmospheric pressure this may be written 


P Ml 

* P MM' 


I ^ + i^ 1 <.g»2'+SC, 


where R is as before the work required to separate an ion from 
a molecule. The last two terms are unfortunately difficult to 
calculate. For a monatomic substance a theoretical expression 
has been found for C, namely — 1*6 ■+ $ lo g™ M, where M is the 
atomic weight, but even for a gas like helium the complex is 
bimolecular. One may perhaps, however, get a rough idea of 
the magnitudes of the terms in this case by assuming the expression 
for C to hold throughout and supposing that the formation of 
the complex reduces the number of degrees of freedom of ion and 
molecule from 6 to 5. In the case of a positive ion of helium 


this would give 

Pjr 

Pmm' 



R 

1-5 QaT 


+ 2-54. 
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Thus the numbers of free and complex ions would be equal when 
RfaT — 4*0 or 1th = 3-0, and if 1th is markedly greater than this 
the number of free ions will be small. But equation (H) showB 
that the mobility is inversely as 3 + 1th, thus a value of Rh large 
enough to account for the mobility will cause the formation of 
complexes. While it is possible that an accurate knowledge of 
the chemical constants might modify this conclusion 1 , it seems 
improbable that the attractive forces can be large enough to 
account for the observed mobility without loading to the formation 
of complexes. 

A further argument in favour of the existence of complex ions 
is the independence of mobility on the mass of the ion when 
foreign ions are introduced into a gas. This could have been 
explained otherwise by supposing that the charge could shift 
readily from the ion to a molecule of the gas, so that however 
tho ions started, they became after a short time charged molecules 
of the gas through which they were moving, but this explanation 
is excluded by the results of experiments with radioactive recoil 
atoms. 

Tho marked difference between the mobilities of the positive 
and negative ions in the simple gases might be explained by 
supposing that the negative ion is a free electron for part of the 
time. Owing to the enormous mobility of free electrons, a very 
short period of freedom would account for the observed difference 
in mobility. A strong argument against this view is that the 
ratio of the mobilities is much the same for gases which, according 
to Loeb’s results, show great differences in the ease with which 
they combine with electrons. If we accept the. ‘duster’ view, 
according to which the masses of both positive and negative ions 
would be infinite as far as equation (1) is concerned, it might 


i Ehronfcrt and Trfcal, Ann. der Phys. Ixv. p. (SOU, 1021, have given as an 
expression for diatoxnio molecules 

8 




where m is the mass and J the moment of inertia of the molecule, a is a ‘symmetry 
factor* and k is Boltzmann’s constant. Wismewski, ZkUh. /. Phya. xliv. p. 392, 
1927, finds that this fits a number of gases if a is put equal to one. If this is done, 
and J taken for a complex helium ion as m x 10“ w , the constant comes out as 
3-0 instead of 2*54 as above. 
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still be possible to account for tbe difference by supposing tbat 
the positive ion bad the power of attaching itself to a large polar 
molecule of some impurity which would increase both cr and Ith. 
As Gnndley has pomted out, the forces between a polar molecule 
and a positive and a negative ion may be quite different. 

The polar molecule will tend to present a different portion of 
its surface to the ion in the two cases, and thus the distortion 
produced in the molecule by the ionic charge will be different 
for the two ions. Again the polar molecule may have one 
charge, e.g. an electron or proton, at a point on its surface and the 
neutralising charge deep inside, so that the attraction of an ion 
will depend on its sign. Loeb and Cravath 1 have shown that 
in BLjO and H^S, where the molecules have probably protons near 

the surface, u is less than u. The same holds for HC1, probably 
for a similar reason. 

This view of the cause of the difference in mobility would 
fit in well with Erikson’s discovery of ageing, as it might well 
be some time before the ion found a suitable polar impurity. 


Large Ions. 

41*1. Besides the ions we have been considering above, with a 
mobility of the order of 1 cm./sec. per volt/cm., other much slower 
ions are known. These ions are also characterised by a small 
coefficient of diffusion, so that the usual process of filtering does 
not remove them. Ions of this kind exist in the air especially 
near big cities, they are also formed when air is bubbled through 
water. The ions found in electrolytic gas immediately after its 
formation are of this type. McClelland, m measurements of the 
mobilities of ions from flames, showed the gradual change of the 
mobility with temperature as the ions left the flame from *23 to 
•04 cm./sec., and Bloch showed that on allowing the gas to stand 
for 15 to 20 minu tes the mobility fell still further to *001. 

Imp ortant work has been done on the slow ions of the 
atmosphere by Laugevm, who devised a method by which the 
presence of ions of different mobilities can be detected. The 
principle of the method is as follows. Suppose we have a stream 

x Loeb and Cravath, PTvys. Rev. xxvn. p. 811, 1928. 
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of ionised gas Aowing with velocity u between two parallel plates A 
and B, and apply an electric force X so to drive the positive 
ions towards the plate A, where the number % received m unit 
tune is measured by an electrometer connected with A. Unless 
the mobility of the ions exceeds a cerium amount depending on 
the velocity of the stream, d, the distance between the plates and 
the strength of the electric*, field, some of the ions will escape from 
the field. If the mobility of an ion is k and if T be the time the 
gas takes to pass between the plates, X the electric force, then 
the ions which roach the plate are those whose distance from A 
when they first came under the electric field is not greater +.}>»n 
7cXT, and hence of the ions of this mobility in the stream of gas 


IcXT 

only the fraction give up their charge to the plate; when 

7c is greater than d/XT, all the ions with this mobility will give 
up their charges. Hence if U be the number of cubic centimetres 
of gas passing between the plates in unit time,/ (/:) dk the number 
of ions per cubic conti metre of the gas which have mobilities 
between 7c and. k + die, c the charge on an ion, k d/XT, and 
i the charge given to the electrometer per second. 


di 

dX 


dH 

dX* 


i = eU f'f(fc) dk + eU f J*Xkf(7c) dk, 

" (” eVf {k) + ? «T XkJ! {k) ) dX * h dk 


ty(k) dk, 

eUT ,, . <l 
- -d K f^ X*T 


eUjcf(K) 
X* ' 


Hence if wo plot the curve representing the relation between 
i and X we shall he able to determine /(«■), the density of the ions 
which have a mobility k. 

Thus suppose all the ions have the same mobility, so fhat/(ie) 
vanishes except for one particular value of it, say k, , then the 
» and X curve would be straight except at one point where 

X = d/ Kl T, 
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where there would be a ruck in the curve. The presence of curva- 
ture in the i and X curve at any point shows that there are m the 
gas ions which in the fame T can under the electric force corre- 
sponding to this point travel through the distance d. If the ions 
are of distinct types with mobilities k 1} k 2 , k 3 , the i-X curve will 
be a series of straight lines with a nick for each type of ion. If the 
mobility of an ion depends only on the gas through which it 
moves, there will be only one nick in the i-X curves obtained by 
this method. 

Mobilities of Slowly Moving Ions. 

41*2. Langevin 1 apphed this method to the air from the top 
of the Eiffel Tower and found two nicks in the i-X curves, 
one corresponding to the ordinary ions with a mobility of about 
1>5 cm./sec. volt/cm., the other corresponding to a mobility of 
only g- 0 ^ 0 cm./sec., i.e. several thousand times less than the 
mobility of the ordinary ions. This mobility is of the same 
order as that of the ions produced by bubbling air through 
water, of those hberated by chemical actions, which probably are 
produced by the bubbling of the gas hberated by the chemical 
action through the liquid reagents, and of the ions produced when 
air is passed over phosphorus ; they are probably charged particles 
of dust of various kinds and the number of them varies very 
widely in different localities, being much greater m large towns 
than in the open country. In air taken from near the ground in 
Paris, Langevin found that the quantity of electricity carried by 
these slowly moving ions was fifty times that earned by the ions 
of the ordinary type. 

These slow ions are particles of dust held in suspension in a gas 
which is exposed to some ionising agent which produces a supply 
of the ordinary ions, the latter settle on the particles of dust 
form the slow ions. The number of these slow ions present when 
the gas is in a steady state will only depend on the number of 
dust particles in the gas and will not be affected by the number 
of ions of the ordinary type produced by the io nis in g agent. For 
when there is equilibrium the number of particles which in unit 
time acquire a positive charge must equal the number which lose 
such a charge. A positively electrified dust particle might lose 

z Langevin, Commutes Rendu*, cxl. p. 232 , 1905 
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its charge by meeting aud coalescing with a negative small ion, 
or by coalescing with a negatively electrified dust, particle ; these 
dust particles are however so sluggish in their movements that 
unless the dust particles are thousands of times more numerous 
than the ions we may neglect the second source of loss in com- 
parison with the first. Let A he the number of uncharged dust 
particles in a cubic centimetre of gas, P and N the numbers of 
those with positive and negative charges respectively, and p, n the 
numbers of positive and negative small ions. The number of dust 
particles which acquire a positive charge per second will be ocAp, 
the number losing such a charge by coalescing with a negative 
ion is fiPn, where a and /? are constants; hence for equilibrium 

aAj> — fiPn. 

Similarly by considering the negatively charged particles we get 

a' An ~ ft'Np, 

hence we see that the proportion between the charged and the 
uncharged particles of dust depends only upon the ratio of p to n 
and not upon the absolute magnitude of either of these quantities. 
Thus though it would take much longer to reach flu*, equilibri um 
state with a feeble source of ionisation than with a strong one, 
there would be as much dust electrified in one ease as in the 
other, when that state was reached; de Broglie estimates that in 
this state about one-tenth of the particles would be electrified 1 . 

The mobility of a good many different kinds of dust particles is 
of the order cm ./sec. It would be a matter of some interest 

to see how the mobility varied with the pressure; we should expect 
the variation to be between that of ordinary ions when the 
mobility varies inversely as the pressure and drops big enough to 
be easily visible when the mobility is independent of the pressure. 
McClelland showed many years ago* that the ions in flume gases 
gradually diminished in mobility as well as in number with the 
time which had elapsed since the gas left flic flame, so that in this 
case we apparently get a continuous gradation between ordinary 
ions and those which have a mobility of the order of 1 0~ 3 . 
Aselmann 3 found in the negative, ions produced by the splashing 

1 do Broglie, Ann, de Obimte et de Physique , viiL 10, p. 1, l£H>9. 

2 McClelland, Phil Mug. v. 40, p. 20, 1898. 

3 Aselmann, A?m. dr.r Phys, xix, p. 960, 1900. 



MOBILITY OT IOWS 


185 


41 - 2 ] 

of pure water mobilities ranging from 4 to 2*7 x 10 -4 , the greater 
number being between 4 and 1*6 x 10 -2 ; and for positive ions 
obtained by adding a little sodium chloride to the water the 
mobilities ranged from 8*8 x 10 -a to 3*43 x 10 -4 , the greater 
number being between 8*8 x 10 -2 and 6 x 10 -4 . In these cases 
we seem to have a nearly continuous series of mobilities. In many 
cases however there is a gap between the ordinary ions and those 
having the mobilities of the order 10 -8 . A convenient method, due 
to de Broghe, of testing for the presence of fine dust particles 
is to ionise the gas by X-rays or radium and then test for the 
presence of these large ions; the electrical method will enable 
us to determine the number of particles which get charged 
and their mobilities will give some information as to their size. 
In this way de Broghe showed the presence of these particles in 
flames such as the oxy-hydrogen flame where one of the products 
of combustion is liquid, while they could not be detected in the 
carbon monoxide flame. He detected them m gas through which 
an electric spark had passed, and in gas which had been bubbled 
through liquids. He observed some of these particles under the 
ultra-microscope and noticed that, if the particles were under 
electric forces, as soon as some radium was brought near some of 
them moved in one direction, others in the opposite, while some 
did not move at all. 

Becker 1 has shown that these large ions are often produced by 
chemical action set up by the agent used to lomse the gas, such 
as X-rays or cathode rays. These produce ozone m gases con- 
taining oxygen, and the action of ozone, if suitable substances are 
present, may give rise to liquid or solid products which act as 
nuclei for the large ions. 

Pollock 3 finds that the mobility of the large natural ions in 
air depends on the amount of moisture present, being roughly 
constant when the relative humidity is constant. He also found 
a group of ions of intermediate mobility, about 1/15 to 1/150 cm./sec. 
These disappeared when the pressure of water vapour exceeded 
17 mm., and Pollock considers that they can grow by condensation 
into the larger ‘Lange via* ions, of about 1/3000 mobility. If 

x Becker, Ann der Phys. z xm p 209, 1911. 

2 Pollock, Phil. Mag. zxix. pp. S14, 636, 1915. 
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the dust nucleus was of soluble material one would expect it to 
attract water vapour and form a liquid drop which would grow 
until the solution became so dilute that its vapour pressure was 
the same as the pressure of water vapour in the atmosphere, apart 
from a correction due to the curvature of the surface. 

Besides the ‘intermediate’ ions described by Pollock, McClel- 
land 1 and Nolan have found a number of discrete, groups of ions 
of various mobilities among the ions formed by splashing and 
bubbling air through water and alcohol, and by the oxidation of 
phosphorus. Both these experiments and Pollock’s were done 
with an air blast apparatus of the Zeleny type, more, or less 
modified (Method III or IV), the ‘groups’ appearing as breaks in. the 
slope of the ionisation- voltage curves. McClelland and Nolan’s 
results have been criticised by Blackwood 2 3 using at first the sn.™ P 
design of apparatus, and then one almost identical with Zeleny’s 
original pattern which gives much greater power of ‘resolving’ 
different groups. He used ions formed by spraying and from a 
hot wire, but in no case found any sign of groups with definite 
mobility. 

The average mobility decreased with age. Nolan criticised 
these results on the ground that the ions remained too long in 
the apparatus, but Bussc3, in the course of a very careful in- 
vestigation on the ions formed by splashing water, could find no 
trace of groups even when the ions had a life as short as -05 sec. 
His experiments seem conclusive so far as ions of this kind are 
concerned, but there does seem to be a tendency for natural ions 
to have a mobility round about ami perhaps also Pollock's 
intermediate iqns should be regarded as a definite group. In 
some of these experiments sufficient care does not seem to have 
been taken to ensure the absence of eddies in tint air flow. 

Slow ions formed by ultra- violet light arc an important possible 
source of error in investigations of the ionisation produced in 
gases by this light. They are due to a photoelectric emission of 

1 McClelland ami P. J. Nolan, Proa. Roy. frith Arad, xxxiii. p. 24, 1916; 
xxxiv. p. 51, 1918; xxxv. p. I, 1919. .J. T. Nolan, Pror. Roy. /ruth Acad, 
xxxiii. p. 10, 1910; Proa. Roy. ,S loa. xciv, p. 120, 1917. 

2 Blackwood, Phytt. lieu. xvi. p. 85, 1920. 

3 Basse, Ann. <ter Phytt. Ixxvi. p. 493, 1925. 
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electrons from small dust particles or other solid or liquid nuclei, 
and for this reason great care must be taken to filter gases before 
experiments of this kind. 


Theory of Mobility of Large Ions. 

41*3. The case of an ion of the size of a dust particle will 
approximate to that of a solid sphere moving through a viscous 
gas. Stokes has shown that the force which must be applied to the 
sphere to make it move with uniform velocity V through a gas 
whose coefficient of viscosity is ft is 6 wfiaF, where a is the radius of 
the sphere. Thus if an electric force X acts on a sphere carrying 
a charge e of electricity 

&7TfjbaV = Xe, 


or 


V = 


Xe 

6ir/j.a' 


Thus the mobility of the charged sphere is e/67Tfia, and as ft is 
independent of the pressure of the gas the mobility of ions of this 
type would not vary with the pressure; the mobility of the smaller 
ions, as we have seen, varies inversely as the pressure. A formula 
for the mobility which covers both cases may be deduced by a 
method due to E. C unnin gham *. It is based on the principle that 
when a body A is moving through a gas B, with a velocity V relative 
to the gas at a great distance from A, the gas in its neighbourhood 
will be earned along with it to some extent and will have an average 
velocity ftV in the same direction ; fi will depend on the size of the 
body and also on the pressure of the gas. In Stokes’ investigation 
j8 was assumed to be unity, in the ordinary investigation of ionic 
mobility it is assumed to be zero. We can however calculate by 
equating the expressions for the momentum communicated to the 
body in unit time by the impact of the molecules through which 
it is moving, calculated (1) by Stokes’ method, (2) by Maxwell's. 
If the velocity of the gas next the sphere is /JF, the momentum 
calculated by Stokes’ method is 


Grr/xafi V, 

I Cunningham, Proa. Boy. JSoe. A. lxxxm. p. 367, 1910. 
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while by Maxwell’s method, assuming the collisions are like those 
between elastic spheres, it. is (equation (b), p. 170) equal to 


h 

<1 


hi 



since V (I — /3) is the relative velocity of the gas and ion. When 
the mass of the ion and its size are large compared with a 
molecule, M~ the mass of a molecule of the gas and a = a 
the radius of an ion. Now 


/*-* 


n 

3 


Af a Ar, 


where A is the free path of a molecule of the gas and n 2/V M 2 vh; 
hence 

e- l»(S*) * (». 

and Maxwell’s expression may be written as 

F(L -jS). 

Equating this to Stokes’ expression we have 

(mrfaV « 4t r/x^ 8 V (1 -ft). 


* nd 1 tM/ia- 

and both Stokes’ and Maxwell’s expressions reduce to 

Vmfta 

i t JiA i/2rt 

The mobility of the ion is equal to 

i? (1 4 iiXj2u)ff*ir/iO, 

and V the speed of the sphere falling under gravity is given by 

1 +SXI-M V ' 3 </>-'’)//• 


whence V « ' (p - cr) (1 -i- 8A/2rt)<7 (2), 

msfJL 

where p is the density of the sphere and a that of the gas through 
which it falls. 

This formula is important because the size of small drops is 
frequently determined by the speed with which they fall through 
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a gas under the action of gravity. The formula has been tested by 
Millikan 1 , Zeleny 2 and M°Keehan3. The agreement is satis- 
factory if the numerical faotor 3/2 is replaced by *864 according 
to Millikan or by unity according to M c £eehan. It must be 
remembered that the magnitude of the free path is to some extent 
a matter of definition. The free path in equation (2) is defined by, 
and is to be calculated from, equation (1).4 The coefficient of X/a 
will depend upon the assumptions made as to the nature of a 
collision, so it is preferable to leave it to be determined by experi- 
ment. If we take M c Keehan’s value unity for this coefficient, 
the term X/a may be written as B/pa , where p is the pressure of 
the gas in millimetres of mercury and B — *0075 for air. 

For a further account of the application of this formula to 
small oharged particles, see pp. 305, 306. 

For air p— 1*83 x 10 -4 ; substituting this value we find that 
the force required to drive an ion at a speed V through a gas at 
atmospheric pressure is 

3*44a x 10 -8 V 
1 + 10-*/a * 

If V is the speed acquired by the ion under a force of a volt 
per centimetre, since this force is 10 8 x 1*6 x 10 -20 or 1*6 x 10~ 12 
dynes, we have 

2*15x10 9 aV 1 

l + 10- B /a ~ 1 ‘ 

an equation which may be used to determine a. Thus for the 
slow ions investigated by Langevin Y = 1/3000 and hence 

•717 x 10 # a 
l+10“ B /a ~ ’ 

or a =* 4*6 x 10 -6 cm. approximately. 

1 Millikan, Phil. Mag vi 84, p. 10, 1917. 

2 Zeleny and M°Keehan, Phya. Bev xxx. p. 585, 1910. 

3 M°Keehan, Phya. Zetts. si. p. 707, 1911. 

4 But see note, p. 806, for Millikan's method of calcnlatioii. 
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Potential Gradient between two Parallel Platen immersed in 
an Ionised Gas and maintained at different Potentials. 

42. It was sli own first by Zelony *, and then independently by 
Child®, that when electricity is passing between two plates im- 
mersed in ionised gas, the potential gradient between the plates 
is not uniform, but xs greatest in the neighbourhood of the elec- 
trodes. The difference of potential between one of the plates and 
any point in the gas may he measured by having a \\ a ter or mercury 
dropper at the point; the most convenient way, however, is to 
place at the point a fine wire, which will ultimately assume the 
potential of the point. When the wire is used it is necessary how- 
ever to take several precautions: in the first place., if the number 
of ions in the gas is small, the wire will only take up the potential 
voTy slowly, and it is important that the. instrument used for 
measuring the potential of tins wire should have very small capacity. 
This consideration often makes it desirable, to use a small gold-leaf 
electroscope to measure the potential of the wire instead of a 
quadrant electrometer, which though more sensitive to differences 
of potential has yet a very much greater capacity. Another point 
to be remembered is that if a wire is placed in a region where the 
ions are all of one sign, its potential can only change one way. 
Thus if it is a region where there are only posit ive ions, its potential 
can increase but cannot decrease, and thus if the potential of the 
wire gets by some accident too high, it cannot sink to its true value. 

A characteristic curve for the distribution of potential between 
the plates, dtic to Zeleny, is given in Fig. 47. It will be seen that 
the gradient near the centre of the field is uniform, but that near 
the plates the gradients get. much steeper and that they are steeper 
at the negative than at the positive plate. 

f /2 v 

From the equation ^ --- — 4 Wrp, where V is the potential at a 

distance x from the plate and p the density of tin* electrification, 
we can, if we know* the distribution of potential, calculate the 
density of the electrification at any point between the plates. 

1 Zvlfuy, Phil. Mug. v. *H5, p. 120, IKifS. 

2 Child, W te>l. Ann. Uv, p. lo2, ISOS. 
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The density corresponding to the potential curve in Fig. 47 is 
shown in Fig. 48. 

We see that near the positive plate there is an excess of negative 
electricity while near the negative plate the positive electricity is 
in excess. With the small potential differences used in this experi- 
ment the regions where there is an excess of one kind of electricity 
over the other are in the immediate neighbourhood of the plates, 
the density of the free electricity being exceeding small in the 



Big. 47. 


central portion of the field. If a larger potential difference had 
been applied to the plates, the regions with free electricity would 
have expanded, and with very large potential differences these 
regions would fill the whole of the space between the plates. In 
the example given, the greatest density of the electrification is 
about 2 x 10 -4 electrostatic units; as the charge on an ion is 
about 4*77 x 10 -10 such units, the number of positive ions in a 
cubic centimetre would exceed that of negative by about 4 x 10 8 . 
Taking the number of molecules in a cubic centimetre of the gas 






CHAPTER IV 


MATHEMATICAL THEORY OF THE CONDUCTION OF 
ELECTRICITY THROUGH A GAS CONTAINING IONS 


43. We shall now proceed to develop the theory of electric 
conduction through an ionised gas on the basis that the velocities 
of the ions are proportional to the electric force acting upon them. 
We shall take the case of two infinite parallel metal plates main- 
tained at different potentials and immersed in an ionised gas; the 
lines of electric force are everywhere at right angles to the plates; 
they are thus always parallel to a line which we shall take as the 
axis of x. 

Let %, n a be respectively the numbers of positive and negative 
ions per unit volume at a place fixed by the coordinate x a let q 
be the number of positive or negative ions produced in unit him* 
per unit volume at this point by the ionising agent; let X be 
the electric intensity at this point, Je^, Tc% the velocities of the 
positive and negative ions under unit electric intensity, so that 
the velocities of these ions at this point are respectively kjX, 
k%X; let e be the charge on an ion. The volume density of the 
electrification, supposed due entirely to the presence of the ions, 
is (Mi — 3 * 2 ) e; hence we have 

dx 

^ = 4tt K — «*) e (1). 


If i is the current through unit area of the gas, and if 
neglect any motion of the ions except that caused by the electric 
field, we have 

WjeAjZ + n^ek^X = i ( 2 ). 

From equations (1) and ( 2 ) we get 




n ^~ h + h 
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(3) , 

(4) . 


If we measure the distribution of electric force between the 


TCE 


13 



194 AIATiJKMATLCAJL. TilKORV OK THK CO.N OUC'TJON OK [43 

plates, we can from these equations, if we know h\ and /%, deter- 
mine iii and or if in addition to the distribution of electric 
force, we measure, by the methods previously given, n x , at 
various points in the field, we can use these equations to deter- 
mine l\ and k 2 , the velocit ies of the ions. 


When the gas is in a steady state, the number of negative and 
of positive ions in each unit of volume must remain constant with 
respect to the time, thus the losses of these ions must bo balanced 
by the gains. Now ions are lost in consequence of the recom- 
bination of the positive and negative ions: these ions will come 
into collision with each other, and in a certain fraction of the 
whole number of collisions the positive and negative ions will 
combine to form a single system which is electrically neutral and 
which no longer acts as an ion; the number of collisions in unit 
volume in unit time is proportional to np« a . Wo shall suppose 
that the number of positive or negative ions which recombine in 
unit volume in unit time is utt L ». s : this is the rate at which unit 
volume is losing positive and negative ions in consequence of 
recombination; in consequence of ionisation it is gaining them at 
the rate q, and in consequence of the motion of tins ions under the 

electric force it is losing positive ions at the rate, f (t^k^X) and 

mJ/! 

negative ones at the rate — (n z k z X). The diffusion of the ions 
causes unit volume to lose positive and negative ions at the rates 


-l) x 


d % n t 
Ux* * 


m ■ A 


(l z n 2 
(hfi * 


where JD X and JD S axe tins ooeflicients of diffusion of the positive 
and negative ions. Unless the electric field is very weak the 
motion of the ions by diffusion is, except in quite exceptional cases, 
insignificant in comparison with that under the electric field. We 
shall therefore for the present leave diffusion out of account. 
Hence when the gas is in a steady state we have 


%. (n } k t X) - q — un x w a 

(5), 

cZ 

( w sA^) ~ q — 

(6). 
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If hx and Tc* are constant at all parts of the field, we have 
from (1), (5) and (6) 

~£ - (a - + 5) (T). 

From this equation, if we know the distribution of X a between 
the plates, we can determine whether ionisation or recombination 
is in excess at any point, for from (7) q — an^n^ and d I 2 X 2 /dx a 
have the same sign; hence when ionisation is in excess of re- 
combination, i.e. when q — an^n* is positive, d 2 X 2 /dx 2 is positive 
and the curve whose ordinate is X 2 is convex to the axis of x; 
when recombination is in excess of ionisation the curve for X 2 is 
concave to the axis of x. 


Substituting m equation (7) the values of n% given by 
equations (3) and (4), we get 


d*X* 

dx 2 


~ 8776 ('k + i) { S e*X* (\ + k 2 ) 2 

K dx^ ^ 


0 


x ♦ + 


8tt dx 




I have not been able to get a general solution of this differential 

equation except when q is constant and m that case 

putting X z = y and ^=j?we get, writing k for either k^ or Jc^, 


dp I677* f a _/ -2 _ ££\) 

p dy k l 2 4 e*k*y \ 64 ttVJ 


Integrating this we get 


64tt» 


— i 2 = 


qek 


2 77 


0 877 -ek) 


■ y + Cy 


a 

,8weS 


.(9). 

( 10 ), 


where C is a constant of integration. From this equation we can 
find the ratio of X 0 , the electric intensity midway between the 
plates, to X 1} the electric intensity close to a plate. For when 
\ \ the distribution of electric force is symmetrical and mid- 

way between the plates dXjdx and p — 0; let us further assume 
that we are dealing with a case like that in Fig. 48, where there is 
no free electricity for some distance from the plane midway 

13-2 
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between the plates, so that here d-Xfdx- also vanishes; hence 
from (9) and (10) wo have 

V2 

0 ” 4«“% ’ 

„ „ 4 kWq 
— -A 0 “ -- 


a 


a 

Snek 


ax. 


»>.«/. 


■(H). 


Now at the positive plate % -- 0 and at the negative plate 
= 0; hence at either plate w l w a — 0, hut 

i , ... iy\ 

%% ■ 4/WX* C‘l TrV 9 


hence if is the value of A' at either plate, we have 


,, a qeh 

-'■l a 

— - c'AV 1 "* 


u 

Snak 


■( 12 ). 


Hence by (Ji) and (12) 

ttn/iC /X 0 ‘ imk a 

« ' \xj 

or writing /3 for Snke/a we get 

XV q i-p 

“ P * 

We see from this equation that X 0 /Xi is never greater than 

unity, for diminishes from unity to zero as fi increases from 
P = 0 to P — infinity. Mince p <loci» not involve cither q or t, 
the ratio of the electric intensities does not depend upon either 
the intensity of the ionisation or the current between, the plates. 
For air at atmospheric pressure k - f>20 (since unit electrostatic 
force is 300 volts per centimetre), a is about id? x 10 ®, and 
e um 4*77 x. 10- J0 ; substituting these values wo find p - 3*9 for air 
at atmospheric pressure. Mince k is inversely and a directly 
proportional to the pressure, P is inversely proportional to the 
square of the pressure, and thus is very large at the pressure of »• 
few millimetres of mercury. Putting p - 4 we find 
X, a 

~ 4* -= 2*51 approximately. 
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At low pressures yS is large, in this case X x jX 0 = pft approxi- 
mately, and thus the ratio of X x to -3T 0 varies inversely as the 
pressure. 

The experiments we have described on the distribution of 
electric force between the plates show that when the current is 
small, the regions where X differs appreciably from X 0 are con- 
fined to two layers near the plates, the distribution of X between 
the plates being represented by a curve like that shown in Fig. 49. 
We can very easily find an inferior limit to A, the thickness of one 
of these layers. For let P be a point on the boundary of the 



Fig. 49. 


layer next the electrode, then since X becomes constant at P, 
there are at this point as many positive as negative ions per unit 
volume, and if the velocities of the ions are the same, half the 
current must be carried by the positive and half by the negative 
ions. Thus if i is the current through unit area, and e the charge 
on an ion, i/2e positive ions must cross unit area of a plane through 
P in unit time; and all these positive ions must be produced in 
the region between P and the positive plate. But if A is the 
thickness of the layer, the number of positive ions produced in 
unit time corresponding to each unit area of the plate is gA, the 
number that cross unit area at P cannot therefore be greater than 
qX, and can only be as great when there is no recombination of the 
ions between P and the positive plate, hence 

. i 

or A> i/2eg; thus ij2eq is an inferior limit to A. If I is the 
maximum current, l the distance between the plates, I — qle; 
hence i/2I is an inferior limit to A fl. 
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44. Tlmtiirh wv iMiunti tind '• "etn-ial 
(I), {’*), (•">), (»'*> / 1 *• i" 1 ’ -’i" l! 

H particular solution of e.pi.t?eo. i 

tt i t* j I Y ** ) * 


/» | f*\ -V# 

/f./*;* \ * 


X, 


/. *. ‘ 


" : ii? it i?i i •••{nations 
v. e» ai onee that 
"i",* it In' t h>* relations 


This solution eorre^Mindc ?*i a eon ’ant vain*' of the electric 
force between the pl.it ee, ami iudie.tte. ih.*t I ie* proportion of the 
current carried by the positive and iiey.*t»\e e*n r»“[ actively is 
the same a?- tin* ratio of the veloebie 1 * of tie t *• i"'?'.. 1 his solution, 

though it- iiuty apply to tie* central portion of *h« field, cannot 
however hold riuht up to the plate*. For opi' M ‘* /* w a point 
between the plates at which thi*. , olmioii applies. Then across 
unit area at l\ //y’f*, b,t po.itive iote pa- in unit time, and 
these must come from the re*/i"ii between P ami tie* positive 
plate; if the dntanee of P from the plat- »* A thi,- re«ion cannot 
furnish more than r/A positive ion, in ut.it time, and < an only do 
thiu when there in no recombination; henee the preeedintr solution 
cannot hold at a distance from the poibtiie pi.ite bv.s than 

** i 

* 1 

Similarly it cannot hold at a distance from tie* negative plate less 
than 

b, t 
ti x h>j > ' 

We shall assume that the prec.*lin;j; a.Jution doe? hold at distances 
from the plates greater than the preeedin'j' value*: ami further 
that in the layers in which the solution doe* not hold there is 
no recombination of the ions. 

lift, us consider the state of thinys at the po itive plate between 
jjBuOandx A t , where 


A, 


*. i 

/“j ; ijfl' 
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Then, since in this region there is no recombination, equations (1), 
(5), (6) become 

^ = 4 tt (Wj - Wa) e. 


JS - * 

gj ih”*X) = — {. 


If j is constant we have 

T^n x X = qx. 


= ^-qx, 

where the constant of integration has been chosen so as to make 
% = 0 when x = 0: substituting these values for n*, «a in the 
equation giving dXjdx we get 


or 


X‘-*re{l 3 *(l+£)-%} + C...(l*), 


where G is a constant which may be determined from the condition 
that when x = 


X a = - 


i a 


from this we find 

a 

G = - 


*:a 




SePfa + kz)*’ 

{x + -^fc + 4 


<7 is the value of X a when a; = 0, i.e. at the positive plate ; if 
we call this value X x , and if X 0 is the constant value of X between 
the layers, we have 

X x — X 0 |l + Oh. + *a)}*; 

thus X! is always greater than X 0 and the ratio XjJX 0 does not 
depend upon the amount of ionisation or the strength of the 
current between the plates. 

If X z is the value of X at the negative plate, we can prove in 
a similar way that 

x 8 = x 0 j i + -^ fe + Jw}*. 
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TIiuk if . the v**I* »**i* v of t 1f ion. i- v**rv hirm* compared, 

with /•,. the velocity of the [»o itiw ion, tin* \,iluc «,f jy !l( ^ 
uftrativc plate u lar*'e i'iuii|i,ip"l with it value at the positive 
and f in* t hiri.iiej.... of tin* I.iv **i in whit h A i, v.iri.i hie. h greater at 
the ne;;ative f han it i* 1 at tin* po it i *«• plait*. A < nrvc reinvent in" 
tin* ilirtf rilmt ion of electric inten it\ ft* tween tin* |>)at tv-t iu this 
rase is represented in Fi«r. . »o. 


If we put 


IV- «>*f. 


, I nrtr, 

**' a /•.. l *>‘ ,4 * 


I *ff / « • » 

„ <;'*■ *»>• 

w,* have .V, .V„(l /!, I 1 - .V, .V„(l 

when fi t and f! s an* large w<* hav** approximately 

V t* t , v i- , i } 

-* I 0 'U(*t * A .! V * 

In fin* 1 - penial when tin* * »do* it hv of the positive and 

negative ions are equal /i| and \ , A‘„ f-w*/. , this agrees 

when fi in large with tin* re.nilf loan*! )»v tfc independent in venti- 
gation of lids ea.se given on p. Iin». 

Tin* fall of potential l‘, aero..; tin* U/«'r next tie* positive plate 
whose thiehnew. is A, i a equal to 

i .Vdt; 

M 

substituting tin* value of .Y given by equation < !."•) and integrating 
we find 


•> 4 .) '? I ' f'i i ' 1 > a ) 

i*VA (I ■ A) J Imjt f% . vi , 

~ 1 \ //, * 
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Since 


X n = 4- 


a) I 


M» ( ^ ^ n V ^ 2f 

q) ^kT+h) ’ and Al = VTF a qe ’ 


r * - + &>* + ^ lo * (VA+vr+S)}...(i4). 


Thus the fall of potential across this layer is proportional to 
the square of the current. 

If F 2 is the change in potential in crossing the layer neat the 
negative electrode, we find similarly 

F « " I * 1 + «* +^e(y% + Vf+TS)} . 

If jSj and /3 a are very large we have approximately 

v _ ! i 2 h ai v '^V hh. N* 

1 2 e a (^l + k 2 )* Pl hi \qe {k x + k 2 )J ’ 

ir _ la^i 2 kj, Q i ^ Vrrt 2 ( \i 

2 2 q le*(\ + \)* P * ~ k? Kqefa + kJ ' 

Thus 

v x _h l 

v 2 - kj' 

or the falls of potential at the positive and negative plates are 
proportional to the squares of the velocities of the positive and 
negative ions. 

Let us consider how the fall of potential varies with the pressure 
of the gas: if p is the pressure, k^ and k± are inversely proportional 
to p, and q is directly proportional to p, hence we see that for 
a given current V x and vary inversely as p. 


The Relation between the Potential Difference between the 
Plates and the Current. 

45. The fall of potential between the plates is made up of the 
fall of potential at the layers which we have already calculated and 
the fall of potential in the space between the layers where the 
electric intensity is uniform and equal to X 0 ; the breadth of this 
space is l — (\ x + Aj), where l is the distance between the plates. 
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am! since A, A a i* equal to f ye. flic fall of pntcnti.il in this apace 
is equal to 


-'v' ;• - 


or 1o 


a \ } i / i 
({) r /.*.,) \ ye ' 


adding to this flic value* for fit** fall of potential,, across the layers 
wo get, tf V is the potential dilferenee between the plat oh, 

v t *.(' / ; .) J A • Vl I A) 

- q < V'i '*aJ \ fj t 

: L (i , fo* ** log (\ ;j, • v'l 

v /m J 

r/ i 0 ye,) (15) * - 

This equation is of the form 

V JP • HU 


thus the curve whose ordinate is t and abi'Ct.-su V is a parabola. 
This equation ceases to he an approximation to the truth when 
the two layers touch, /.e. when A, Aj / or i y rf; in this case 
the current is the greatest that can b<* carried hv the ionised gas. 
The. minimum value of the potential difference required to pro- 
duce this current is got by putting i ye/ in equation ( I f>) ; wo 
see. that the potential difference required to produce saturation is 
proportional to the square of the distance between the plates and 
to the square, root of the intensity of ionisation. 


46. The study of the distribution of electric intensity between 
the plates when the maximum current is passing leads to an easy 
way of finding the ratio of the velocities of the positive and nega- 
tive ions, for as in this ease there is no recoin Id nation, equation# 
(f>) and (*»), p. lift, give 

Jr jWjA' i qx flf>), 

f /U *) (17), 

where x is measured from the positive plate. At the point 
between the plates where the force is a minimum 

dX n a , > 

fa- 0 - ■ 4n f/q • i/ a ) c. 
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hence at this point % = %, so that if x is the distance of the point 
P where X is a mimm-nm from the positive plate we have by 
equations (16) and (17) 

kx _ x 
Tcz ~ l — x 1 

thus the ratio of the velocities of the positive and negative ions is 
equal to the ratio of the distances of P from the positive and 
negative plates, so that if we have determined P by measuring 
the distribution of potential between the plates we can at once 
deduce the ratio of the velocities. 

47. Mie 1 has by successive approximations obtained solutions 
of equation (8), p. 195, (1) when the current is only a small fraction 
of the saturation current, (2) when the current is nearly saturated. 
The results of his investigation are shown in Fig. 51. Fig. 51 



Kg. 51. Kg. 52. 

I Mie, Ann. der Phys. xuL p. 857, 1904. 
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represents the distribution of the electric force along the current 
for various values of the current. expressed ns fractions of tho 
saturation current, ft will be soon that until the current amounts 
to about I/r, of the maximum current the type of solution is tliat 
indicated on p. 107. %.e. tin* electric f*»r**«» i-. eon.itaut except, in 
the, neighbourhood of flu* electrodes, where it mcrea-es rapidly. 
In Kig. 52 the quantities denoted b\* V ?,,, \ : V t h a re. pro- 
portional respectively to tin* ratios of the minimum electric force, 
the. form at the anode, and the foree at tfie rutho<le to tfie current. 
The result indicated by the solution on p. MM5. that the ratios 
of this forces close to the electrodes to the minimum electric, force 
are independent of the current, is seen to hold fur a wide range of 
currents. 

Solutions of equation f7), p. 155, at, pressures chosen so as to 
make u/lrre/c have special values, have I»een given bv(l. W. Walker 1 
and Robb 2 . 

HeeligerS has also investigated the form of the saturation eurve 
for an ionised gas between plane parade) electrodes. In an 
elaborate research fWtimnn* has determined I bn experimentally, 
using X rays as the source of ionisation. fl»* find* excellent 
agreement with 1 he theories of Mie and SmJitfer. which in his case 
give practically identical results. There is tolerable agreement 
with the approximate theory of §41. 


(Utm infant the Carrier# of Sttfufire /•./> rfnrit;/ 
are, Wert row. 


48 * 1 . In this case the velocity of the negati; e carrier is very 

♦ m 

much greater than that of tint positive, i.r. with the notation 
of §44, 1 : a is very large compared with fc t when thi, 1 L so we see 
from the results given in that article that except i»e,»r the cathode 
the electric foree X 9 is given by the equation 


-V„ 


I a i 
V qvk* 


OH). 


x Wallutr , Phi! Mtttf. V*»v. HMi i, 

Z Rrtlth, Phil. Vi t*j % Au; r . rtial I 

3 A tu*. *b r Pfaf.*. xv\i»i. p. :tr> # 

4 H cam arm, Ann. dir Phtj ». Xtfpviii. j*. 7M, 
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The force at the cathode is approximately 

2 (i)*i 

the thickness of the space -within which the force falls from thia 
value to X 0 is 

h < 2 °)’ 

and the fall of potential in crossing this space is 

/ 7 re 4 a .... 

i* 

if l is the distance between the electrodes, V the whole fall of 
potential is given by the equation 

< 22 >- 

Thus the relation between the potential difference and current is 
of the form 

V = Ai 2 + BU, 

and in general the term Ai z is the more important. 

The force at a distance x from the cathode is by equation (13) 
given by 

where A = — , 

qe 

Unless x is very nearly equal to A, the first term on the right- 
hand side of this equation is much greater than the second, so 
that approximately 

X = < A ~ 

hence the force diminishes linearly as the distance from the cathode 
increases; and the density of the electrification is from this 
equation equal to 

/~eq_ 

V 4ttV 

and is thus approximately constant at small distances from the 
cathode. 
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49*1. Th« expressions we have obtained throw light on the 
vwy interesting effects which are observed when a bead of salt is 
put in a flame through which an electric, current, is passing, the 
salt vaporises and the ionisation in the salt, vapour is much more 
intense, than in the other parts of the flame. Hiftorf found, 
however, that unless the bead of salt is introduced near the cathode 
it produces but little effect, upon the current, when however the 
salt vapour reaches the cathode the salt enorrnou.-Iy increases the 
current. This is what we should expect from the preceding 
theory. Whim the salt, is not near the cathode it will only affect 
the value of X v , it will diminish this for a constant, current. Since 
the introduction of the salt will increase the value ot e/, the intro- 
duction of the salt, in this region will diminish the potential full 
in the part of the flame away from the eufhode. The potential 
fall in this region is hut a small fraction of the potential difference 
between the electrodes, so that changes in it will produce but 
a comparatively small effect. When however the, salt- vapour 
extends up to the cathode and produces great ionisation, then 
since the fall of potential is proportional tor/ ■* an increase in q 
will produce a very large diminution in the potential fall at the 
cathode; as this potential is by far the greater part of 1 he potential 
difference between the electrodes it will require far le«s potential 
difference to produce, a given current in a salted iiame than in 
an unsalted one, and with the same potential difference the 
current will bo increased greatly by tin* salt. 

On the other hand anything which reduced the ionisation 
near the cathode, such us a reduction of temperature, would lead 
to a great diminution in the current. 

Case. w hm the / on mat ion fa confined to a Thin Layer. 

50. In the preceding investigation we have supposed that the 
ionisation is uniformly distributed between the plates; there aw 
however many very important cases W'hen ionisation only tabes 
place in a thin layer of tint gas, the rest of the space between the 
plates being free from the action of the ionising agent. We 
proceed now to the consideration of this case, beginning with the 
one where the ionised layer is close to one of the plates A. Let 
us suppose that A is the, positive plate, then all the ions in the 
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space between the plates must have been dragged by the action 
of the elec tric held from the layer, hence these ions must be 
all positive, so that the current is earned entirely by positive ions. 
Let there be % of these ions per cubic centimetre and let X be 
the electric force, % the current, then using the same notation as 
before our equations are now 

dX . 

■di- 4 ***- 


fan^Xe = i; 

from these equations we get 

XdX 4t j% 

doc 


or 


X 2 


877123 


+ o 


•(23), 


where C is the constant of integration; it is evidently the value of 
X* close to the positive plate. 

If y is the potential difference between the plates, and l their 
distance apart, we have 

^ “ rfes [(^ + - (24 >- 


To -find an expression for C we must turn our attention to the 
layer of ionised gas ; let us suppose that the current is small com- 
pared with that required to saturate this layer, then the number 
of free positive or negative ions in unit volume of the layer 
= (<?/«)*> if q as before measures the intensity of ionisation; if 
there is no great change in the electric force as we pass from the 
gas into the layer, the sum of the velocities of the positive and 
negative ions will be of the order fa + fa C*, and as i the current 
equals the number of ions multiplied by the sum of the velocities 
of the ions, efa+fa C* (?/a)* will be of the same order as i; 
hence 0 is comparable with 

qe* H- *a) a ' 

Hence C will be small compared with Bfiriljfa if 

iafa 

Qarqe* fa + fa* l 


is a small quantity. 
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If 8 is tie thickness of the ionised layer, I the saturation, 
current, 

I = qe 8; 

thus the preceding quantity will be small if 


1 £8 Ar 2 1 

9. T Z /Z-_ J_ Jr-\ R. 


is small. 


where 




If 8/Z, ijl axe small, then since /? 2 is greater and k 2 f(k 1 + k a ) 
less than unity, we see that the quantity under consideration will 
be small. When this is the case we can, m equation (24), neglect 


G in comparison with -j — , and the equation becomes 




We see that the current is proportional to V 2 , and thus in- 
creases more rapidly with increasing potential difference than if 
the conduction followed Ohm’s law. We shall see examples of 
this when we consider the passage of electricity from hot metalft 
immersed in gases. In this case by far the greater part of the 
ionisation occurs in the layer next -the metal and, as Pnngsheim 1 
has shown, the current increases more rapidly than the potemtial 
difference. The current is proportional to kj_, the velocity oi the 
ion which carries it, thus since the velocity of the negative ion 
is greater than that of the positive, the current for the same 
difference of potential between the plates is greater when the 
ionisation takes place next the negative plate than when next 
the positive, in other words the current is greater in one direction 
than in the opposite; this unipolar conductivity as it is called is 
very marked indeed in conduction through hot gases and flames 
containing salts. Rutherford 2 has observed it when the ionisation 
was due to X-rays or radium radiation. We see from (25) that 
for a given potential difference the current is independent of q, 
the intensity of ionisation; the TnaTimnm current between the 
plates will of course depend upon the intensity of the ionisation. 


x Pnngsheim, Wied. Ann, It. p. 507, 1895. 

2 Rutherford. PhiL Mag. vi. 2, p. 210, 1901. 
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but as l^rig as the currents are only a small fraction of the maximum 
corresp onding to the ionisation, they will be independent of the 
amount of ionisation next the plate; we see too that the current 
does not depend on the charge carried by the ion. 

The current for a given difference of potential varies inversely 
as the cube of the distance between the plates; as the current 
varies as the square of the potential difference, if the average 
electric intensity between the plates remains constant as the 
distance diminish es, the current will vary inversely as the distance 
between the plates. 

When the ionisation is confined to a layer next the plate A, we 
can stop the flow of ions and therefore of electricity to the plate B 
by interposing between A and B a third plate, and the passage 
of electricity will be stopped just as well by a plate of metal 
as by a non-conductor; thus we get the somewhat paradoxical 
effect of completely stopping a current between two plates by 
interposing between them an excellent conductor of electricity. 
An example of this effect will be considered when we discuss the 
passage of electricity through very hot gases. 

If the layer of ionised gas is situated between the plates at a 
distance 2* from the positive and \ from the negative plate, then 
if V is the potential difference between the plates, we easily 
prove by the preceding method that 


y -* vs5 {S + S}- 


where and are respectively the mobilities of the positive and 
negative ions. We see that if is not equal to the current 
for the same potential difference will not, unless == be the 
same in one direction as in the opposite. If the velocity of the 
negative ion is greater than that of the positive, the current 
will be greatest when its direction is such that the negative plate 
is nearer to the ionised layer than the positive. From this we 
conclude that want of symmetry in the distribution of ionisation 
will give rise to unipolar conductivity. The distribution of electric 
intensity when the ionised layer is between the plates is repre- 
sented in Kg. 53. 


X4 


TCE 
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The prece ding results are only true when the electric intensity 
close to the ionised layer is small compared with its value some 
distanc e away. We shall now consider from another point of view 
the condition for this to be the case. If the saturation current, I, 
passed between the plates the maximum electric force would be 
greater than VOirll/^, and the potential difference greater than 
P VsUrJfQJcp. unless then the potential difference exceeds this 
value we cannot have saturation and therefore the force near the 



c D 
Fig. 53. 


plate cannot be great enough to drag all the ions produced near 
the plate away into the field. In order to get these ions away we 
have not only to contend against the recombination of the ions, 
but also against the tendency of the ions to diffuse back into the 
plate; indeed in many important cases when only ions of one sign 
come into the gas, as for example when a metal plate emits 
negative ions by exposure to ultra-violet light, or when a red-hot 
plate emits positive or negative ions, diffusion is the only tiling 
the field has to overcome in order to saturate the current. In 
such cases the ions unless removed by the field accumulate round 
the plate, until the number striking against the plate in unit 
time is equal to the number emitted by the plate in that time 
These ions, like the molecules of any gas, have an average velocity 
of translation U depending on their absolute temperature, and 
the electric field will not be strong enough to remove these ions 
from the plate unless it is able to impart a velocity U to them. 
If the field required to do this is small compared with VSttH/Icx 
then we are justified in putting C in equation (23), p. 207, equal 
to zero. If however the force required to produce the velocity 
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is comparable ■with ■y/OnllJici we cannot assume that C is zero 
n.Tw^ the force near the plate, as is generally the case when the 
currents are produced by ultra-violet hght, may be comparable 
with that in other parts of the field. The greater the value of I 
the more likely are the conditions justifying the zero value of C 
to be satisfied. 


50*1. If we take into account the diffusion of the electrons, 
* then if I? is the coefficient of diffusion, and h the mobility, the 
rest of the notation being the same as before. 


or 

hence 


Ax — 

4ar dx 

h y dX _ 

4tt dx 


- De t- = 
ax 

D d*X 
Sir dx z 


% 


h 


JcX* D dX . . s . 


(26), 


where 8 is a c onstant of integration. This is a form of Riecati’s 
equation. Introduce a new variable w, defined by the equation 

_ 2 D d log w 

x = --T—dT’ 

where ^ = a: + 8. 


Equation (26) may be written as 


dhjo < 2ot%Tc 

dg*~ ~D r ^ W; 


or putting 



(27), 


dHv 

eh 


7)W. 


Tlxe solution of this equation is (see Watson s Bessel s Functions 9 

p. 88), 

+ (28), 

where A and. B are arbitrary constants, and the J 9 s denote Bessel s 
Functions. It is only the ratio of A to B that is of any significance ; 
we can determine the value of this ratio and of 8 by the condition 

14-2 
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that when x = 0 , since ncj^/Qrr is, if o is the velocity due to thermal 
agitation, the number of ions passing through unit area in unit time, 

eon — (J — i) VQ 7T 9 

and when x = l 9 

? v , no 
% = JcJLyio + "== 6 9 
V6t t 


or 


n dn nc 

1 dX 
n 4ijr dg 

D d 2 


= 0, 


d 2 i 

i j ~ a Io g 


The expressions in the general case when no supposition is 
made about the magnitude of 77 are very complicated, we aT-isyl] 
consider two cases: ( 1 ) when 77 is small, (2) when 77 is large. The 
condition that 77 should be small in the region between the plates 
is from ( 27 ) that 27riJd 3 /D z should be small. When 77 is small if 
we expand w in ascending powers of 77, we see from the form of 
the differential equation that 

w = C + Drf + higher powers of 77 ; 
and from the equation 

d 2 w 

dy- m > 

we see D = 0/6; 

'hence approximately 

W=C7 ( 1+ 6 ") 


hence 




X = - 


22)7 rih 
~F i> 2 ' 
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ne = 


4 tt di 

~i)£ == ~i )( x+ s >- 


*ice T 
—7= =I — i t 

‘\/ &7T 
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, 1 dx 

and 

Wien x =» 0, 

Hence 

and when x = l, 

hence 
and 


I — i = — 


o 8 . 
VfaD Z] 


D dx + vL' - ° 3 


at 


•b 

I 


V^D 

1 


2 + 


( 2 + 8 ), 




Since 2) is of the order cA, where A is the mean free path of the 
electron, which for the equations to apply must be small com- 
pared with l. 


i 

I 


V &irD 
cl 


approximately. 


It should be noticed that the condition that rq should be small 
can only be satisfied when the currents passing through the gas 
are excessively minute. For since all the quantities are to be 
measured in electrostatic units, Jc/D = 1*3 x 10*. Hence for rj 
to be small 

2t Ti x 1*3 x 10 4 Z 3 /Z> 

must be small; D will be inversely proportional to the pressure, 
so that ceteris paribus the chance that rj should be small is greater 
at low pressures than at high, if the pressure is so low that the 
free path of an electron is one millimetre, D will be about 10 6 , so 
that rj will be about 

2m x 1*3 x 10 -a Z 8 ; 

hence if l is one centimetre, i, measured in electrostatic units, 
must not be much greater than unity, i.e. must not be greater 
than about *3 x 10 -9 amperes. 
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Wien 7 ] is very large, since for large values of x 

approximately, we see from equation (28) that 

jr$ 

w^Arj-ie ^ e J . 


Sinc e X = — ^ ^ , we see that if X is to be positive, B must 

k w ax 


vanisi; ience 


_2l 

w = Arj~i e 3 » 
log W = — i log 7] — 



Since 

V = 

and 

X = 


X = 


/2mk\i * 

^ = \~w) ^ 


2 £d_ 
k dg 


log w, 


2D /27 rik\b 
T VTFJ 


*•* + 


2D 

4**’ 


where, since 17 is large, the first term is large compared with the 
second and g = x + 8; hence 

x -y¥<* + s >* + WW+TY 

The first term on the right-hand side, which is large compared 
with the second, is the value of X obtained in § 50. Thus even 
when diffusion is taken into account it produces but little effect 
except in the unusual case when 2 t riM 3 /D 2 is small. Prom the con- 
dition that, when x — 0, = I — i, we find 8 — ~~ * ... t - , 

Voir 487T 2 ( I — ^) ^ k , 

and the condition that 7 ] should be large req uir es that 

& f i \ a / 2 tt \* 

48V 2 \I-%) U 2 D 2 W 


should also be large. 



CHAPTER V 


EFFECT PRODUCED BY A MAGNETIC FIELD ON THE 
MOTION OF THE IONS 

51. When a charged ion is moving in a magnetic field it 
experiences a mechanical force whose direction is at right a-nglag 
to the direction of motion of the ion, at right angles also to the 
magnetic force and equal in magnitude to EeV sir 6, where S is 
the magnetic force, V the velocity of the ion, e its charge, and 
6 the angle between H and F, E and e are to be expressed in 
the electromagnetic system of units. The relation between the 
direction of this force F, V and H, for a positively charged ion, 
is shown in Pig. 54. 



Fig. 54. 


Now suppose that we have an ion moving through a gas, the 
viscosity of the gas causing the velocity of the ion to be propoi> 
tional to the force acting upon it. Then if X, Y, Z are the com- 
ponents of the electric intensity, a, /3, y those of the magnetic 
force, u, v , w those of the velocity, the mechanical force exerted on 
the ion by the magnetic field has for components 

e {fiw — yv), e (yu — aw), e ( av — pu), 
while the components of the mechanical force due to the electric 
field are Xe, Ye, Ze. Thus as the velocity of the ion is proportional 
to* the mechanical force acting upon it, we have 

u = R (X + fiw — yv) ' 

v = R (Y +yu — aw) ■ (1); 

w = R (Z + av — flu) 

R is evidently the velocity of the ion under unit electric intensity 
when there is no magnetic field. Solving equations (1) we find 
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EFFECT PRODUCED BY A MAGNETIC FIELD 

BX + R 2 (pZ-yY) + R*a (aX + pY + yZ) 

U 1 + R 2 (a 2 + P 2 + y 2 ) 

BY 4- B 2 (yX — aZ) 4- R 3 P ( aX + pY + yZ ) 

V ~~ 1 + R 2 \a 2 + P 2 + y 2 ) 

_ RZ + R 2 {aY - PX) + R s y (aX + pY + yZ) 
W ~ ' 1 + R 2 (a 2 + P 2 + y 2 ) 


..( 2 ). 


Tie first term m the numerator of these expressions represents 
a velocity parallel and proportional to the electric force; the 
second term a velocity at right aDgles both to the electric and 
magnetic forces and proportional to R 2 EF sin <j>, where H, F, and 
<f> represent respectively the magnetic and electric forces and the 
angle between them; the third term represents a velocity parallel 
to the magnetic force and proportional to R Z H 2 F cos <j>. The 
relative importance of these terms depends upon the value of UH : 
if this quantity is small, the first term is the most important and 
the ion moves parallel to the electric force; if on the other hand 
BH is large, the last term is the most important and the ion 
moves parallel to the magnetic force. Since R is the velocity of 
the ion under unit electric force, and the unit force on the electro- 
magnetic system is 10~ 8 of a volt per cm., the value of B for an ion 
moving through air at atmospheric pressure would be 1-5 x 10~®, 
since the velocity of the ion under a volt per cm. is about 
1*5 cm./sec. Thus at atmospheric pressure it would not be feasible 
to get a magnetic field strong enough to make RH large. As R 
varies inversely as the pressure of a gas through a considerable range 
of pressures it might at very low pressures be possible to make RH 
large and thus make the ions travel along the lines of magnetic force. 

Let us take the case of an ion placed in a field in which both 
the electric and magnetic forces are uniform , let the electric force 
be parallel to the axis of x and let the magnetic force be in the 
plane of xz, then Y = 0, Z = 0, p = 0, and equations (2) become 
BX (1 + RW) 

= 1+ B 2 (a 2 + y 2 ) = RX approximately, if R 2 (a 2 4- y 2 ) is small, 

1 -f B 2 (a 2 + y 2 ) ~ R ^ X ’ 

B s ayX 

~ l + R 2 (a 2 + y 2 ) = R a y X ' 
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Thus the effect of the magnetic force is to give the ion a 
velocity Ryu at right angles to both the electric and magnetic 
forces and a velocity R?y ( a 2 + y 2 )^ u in the plane of xz at right 
angles to the magnetic force. 

If both positive and negative ions are present and if is the 
value of R for the positive and R z that for the negative ion, if 
%, w x ; Ma, v 2 , w 2 are respectively the velocities of the positive 
and negative ions, then if there are n positive and negative ions 
per unit volume the current parallel to y will be equal to ne — v t ) 
or, substituting the values of v x and v z , to 

we (JV - Rf)yX - (JR,. - RJyl, 
if I is the main current parallel to x; thus if the velocities of the 
positive and negative currents are unequal the magnetic field will 
give rise to a side current proportional to the main one and the 
direction of the current will be deflected through an angle whose 
tangent is (Rx — 18a) y. If we retain terms proportional to ( RH ) 2 , 
where H is the magnetic force, we see that there will be an addi- 
tional current proportional to (R^ + Rf — R]R 2 ) y (a 2 + y 2 )* I in 
the plane of xz at right angles to the magnetic force. 

"When the electric field is not uniform but, like that due to 
a charged particle, radiates from a point, we can prove without 
difficulty that an ion in a uniform magnetic field will describe 
a spiral traced on a cone of revolution, the axis of the cone being 
parallel to the magnetic force. 

Motion of a Free Ion under the action 
of Magnetic Force only. 

52*1. When the pressure of the gas through which the particle 
is moving is so low that the effects of collisions may be neglected, 
the equations of motion when a, yS, y are the components of the 
magnetic force, m the mass, e the charge on the particle, are 


d*x 

i 

f o 

dy\ 

m dt* ~ 

e \ 

J*di~ 

- y &)' 

d B y 



dz\ 


e 

(rar 

~ a dt) ’ 

dH 

i 

f <fy 

Q 

m dt*~ 

e { 

a -f- - 
< dt 
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Since the force is at right angles to the direction of motion the 
velocity is constant. 


Motion under Constant Magnetic Force . 

52*2. Take the axis of z parallel to the direction of the 
magnetic force, then a = 0, f3 = 0 and y is constant, hence 


so that 


d*z „ 
dt* ’ 

-=f- = constant 
dt 


= V cos a, 

if V is the velocity of the particle and a the direction of projection 
it makes •with the magnetic force. 


d 2 x 

dj? 


dy_ 

dt 


d z y dx 

m J = e VcU- 


Thus 


~ e y(y + p). 


m-^ = e y(x+ q), 


where p and q are constants. 




and 


dz 

cti 


= V cos a. 


so that m 2 F 2 sin 2 a ~ e?y 2 (x + p 2 + y + q 2 ) ; 

hence the projection of the path of the particle on the plane of 
xy is a circle whose radius is 


m V sin a 
e y 

The time taken for the particle to make a revolution round 
this circle is the circumference of the circle divided by the tan- 
gential velocity V sin a, and is thus equal to 

2im 
ey ’ 
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It is thus independent o£ the ■velocity of the particle or the direction 
of projection. Choosing the axis of * so that it passes through 
the centre of this circle p = q = 0, and we have 


m V sin a He , . 

x = — cos — (t + «), 


V = 


e y 
m V sin a 


m 

• a* . \ 


e y 
z — Vt oos a. 

The path of the particle is thus a spiral on a cylinder of radius 
mV sin ajey, whose axis is parallel to the magnetic force. 

Magnetic Force due to a Single Pole. 

53*1. Choosing the pole as the origin of coordinates, we have 


a = 


Mx 

i*3 ® 


R _My 
P — » 


Mz 

y = ~pr > 


where M is the strength of the pole and r the distance between 
the pole and the particle. 

We have 

dyy 

dt) 

dz\ 


m 


d*x 

eM 

( dz 

dt* ~ 

„ i 
r 3 


d*y 

eM 

(z — 

dt* ~ 


{ dt 

d*z 

eM, 

'dy 

dt* 

r 3 1 

X —jT 

\ at 


m 




(3), 


, / d*x d*v\ eM /dz z dr\ 

hence 355 - - — (_ a - ~ w ) 


■njr d Z 


thus ^ ^ + As (t). 


where is a constant. 

dz dx 


Similarly m (x g- — z — eM ^ + h* 
f dv dz\ ,, 


(5), 


X 
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Multiplying the first of these equations by z, the second by y, 
the third by x, and adding we get 

eMr + h a z + h# + hjX = 0 (7). 


If 6 is the angle between the line joining the pole and the 
particle, and the line whose direction cosines are proportional to 
hx, h%, h%, 

VVTV + V cos 9 - ? At + \ K + \ hi 

hence equation (7) shows that the radius vector from the pole 
to the particle makes a constant angle 6 with the line whose 
direction cosines are proportional to hi, \, h^. 

The expressions on the left-hand side of equations (3), (4), 
(5), are the z, y, x components of the moment of momentum of 
the particle about O; denoting these components by W, V, V we 
see that 

27 * + yz + w z = e 2 ! 2 + (AgZ + hjy + \x) + A x 2 + V 4- A, 2 

= - e z M z + hi* + V + (8) ; 

hence U z + V z + W z is constant, i.e. the magnitude of the moment 
of momentum is constant throughout the motion; denoting its 
value by F we have from (8) 

+ V + V = T 2 + e z M z ; 

hence cos 6 = eM 

Vr a + e z M z 

We see from the equations for U, V, W that they are the 
components of the resultant of two vectors, one OP' along OP, 
the line joining the pole to the particle, such that OP' = el M , the 
other a vector, constant both in magnitude and direction, whose 
components are hi, h 2 , Hence we can find hi, h z , h 3 by the 
following construction. If P is the point from which the particle 
is projected, v the velocity of projection, the vector representing 
the moment of momentum will be the line OQ perpendicular to 
the plane containing OP and the direction of projection, and equal 
in length to vp, where p is the perpendicular from O on the direction 
of projection. This is the resultant of a vector OP' along OP 
where OP = eM, and the vector parallel to the avia of the cone 
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whose components are h^, h 2 , h 3 ; thus the direction of the vector 
is along P'Q and its magnitude is V v*p* + e 2 M 2 . 

The moment of momentum vp is constant, and therefore since v 
is constant, p must be constant. Hence the path of the particle 
is such that the perpendicular from O on to its tangent is of 
constant length; the path of the particle is on the surface of the 
cone, hence if the cone is unwrapped into a plane the paths must 
become straight lines on the plane, i.e. the paths are geodesics 
on the cone. 


Again, from (3), 



d 2 x , d*y d*z 

x dt* +y dt* +Z dt* °* 

or 

d ( dx , dy , dz\ /dx\ 2 , (dy\* , fdz\ 

dtVto +y to +Z te)~\dt) + \dt) + Uf) 


= v z ; 

hence 

dr 0 . , 

r S“ lW + <, ‘’ 

or 

r 2 = vH* + 2cjt + eg. 


where and Cj are constants which can be determined from the 
ini-hin.1 velocity and position. We see that the expression for r a 
is tlia same as if there was no magnetic force, so that the distance 
of the particle from the pole at any time will be the distance which 
would have separated them if no magnetic force had been present. 


Motion of an Electrified Particle under the action of the Magnetic 
Force due to a Uniformly Magnetised Sphere. 

54-1. This case is of importance in connection with the theory 
that the aurora is due to hi gh speed electrified particles coming 
from the sun. 


Taking the avis of magnetisation as the axis of then if M 
is the magnetic moment of the sphere. 


y 


3at a — r a 


M, j 8 
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Hence as m § 53-1 we get 

d f dx dy\ ^ d /z 2 1\ 

so that 

where G is tlie constant of integration. 


•(9), 


Again 


m 


d*z 

dt 2 


SeMz f dy 
r 5 v dt 
Be 2 M 2 z 


mr 8 

d l dr\ _ d 2 ^ , „ dh/ 


/ dx\ 

t*W 

( r 2 — z 2 ) 


ZeMz 

mr 6 

d 2 z 


C 


.( 10 ). 


, d ( dr\ d*x , ai <t~y , v an a 

dt v Tt j = * -» + y dt 2 + * » + • 

where ® is the velocity of tlie particle , lienee 


d 

dt 


/ dr\ & M f dy dx\ „ 


3e " M * X | ( r *- 3 a ) -^,0 + «* 


m a 


( 11 ). 


Equations (10) and (11) determine tlie path of the particle; they 
are discussed very fully by Stormer 1 . 

When 0—0, i.e. when the particle is projected from an infinite 
distance with no moment about the axis of z, 


m 


f dx dy\ 


dy\ 


eMp 2 


where p is the distance of the particle from the axis of z. 


But 


dx 

y dt 


X 


dy _ , d6 


dt 


dt 5 


d0 . 


where is the angular velocity of a plane passing through the 

particle and the axis of z\ hence 

dd eM 

dt vm 3 ’ 

so that the angular velocity varies inversely as the cube of the 
distance. From this result we can easily show that when the 

x Stormer, Videnskaba-Selskabets Sknfter, Math. Nat, Klaase, Stockholm, No. 5, 
1909; No. 4, 1913, No. 14, 1913. 
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particle is projected radially from infinity in the equatorial plane 
of the sphere the path of the particle is a rectangular hyperbola. 

If the perpendicular from the centre of the magnet on the 
direction of motion at infinity of the particle is p 0i the equation 
to the path of the particle is from (9), since z is always zero, 

35<P-A)r-1. 


where p is the perpendicular from the centre of the sphere on the 
direction of motion of the particle when it is at a distance r from 
the centre. It follows from this equation that the minimum 
dis tanc e from the centre is the root of the equation 

1- 


or 





Motion of an Ion under the joint action of Electric and 

Magnetic Forces. 

55. We shall now investigate the motion of an ion when it 
is acted on simultaneously by both electric and magnetic forces; 
we shall take the case when both these forces are constant. Let 
the «. via of z be parallel to the direction of the magnetic force, 
and the plane of xz parallel to the direction of the electric force. 
Let H be the magnetic force, X, 0, Z the components of the 
electric force, then if m is the mass of an ion, e its charge, and 
x, y, z its coordinates the equations of motion are 

( 12 ), 

< 18 >- 


m 


d*z 

dP 


Ze 


(W). 


From equation (14) we have 

3 = 2 "t" (15), 

where w 0 is the velocity of projection parallel to z, the origin of 
coordinates being supposed to be taken at the point of projection. 
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From equations (12) and (13) we have 


y = c +~ t + A cos cot + B sin cot 

x = a — A sin cot + B cos cot 

where a, c, A and B are arbitrary constants and to 
Writing equations (16) and (IT) in the form 


..(16), 

• *( 17 ), 

= Hejm. 


y — c — tot + A' cos {cot — a). 


x — a = — A' sin {tot — a), 

we see that the projection of the path of the ion on the plane 
of xy is a trochoid, generated by a circle whose radius is X/coH 
rolling on a line perpendicular to the electric force, the distance 
of the tracing point from the centre of the rolling circle being A'. 
Since the average value of the periodic terms tends to vanish 
when the time over which the average extends is large compared 
with 1/co, we see, from equations (16) and (17), that the equations 

■ 

y = c + gt, 

x — a, 

give the average positions of the ion, and that the average 
velocity parallel to y is XjH while that parallel to x vanishes. 

As the velocity parallel to z at the time t is ~ t + w 0 we see tha t 

if Z is finite the velocity parallel to z will ultimately become 
in finit e compared with the components parallel to the other 
axes, thus in this case the ions will ultimately move along the 
lines of magnetic force; we must remember however that this 
reasoning only applies when the electric field has a finite com- 
ponent in this direction. 

If we determine the constants in (16) and (17) in terms of %, 
the initial values of the components of the velocity of projection 
of the ion parallel to the axes of y and * respectively, we have, 
the origin being taken at the point of projection, 

y = w (1 ~ COB<ot) + §* + ( v o ~J) * Bincot. . . .(18), 

X = (iff ~ Vo ) a» (* — 008 ^ sin tot 


(19). 
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If X — 0, i.e. if the directions of the electric and ran.gr»AHV 

forces coincide, we have 

thus the projection of the path of the ion on the plane of xy is 
a circle, and the path of the ion is a helix of gradually increasing 
pitch with its axis parallel to the lines of magnetic force. 

If Z = 0, i.e. if the electric force is at right angles to the 

magnetic, and if in addition «<,, v 0 , w 0 all vanish, we have 

y 

y — ( cat — sm cat), 

X. 

x = — g (1 ~ cos cot )' 


This is the equation to a cycloid, the radius of the generating 
circle being XJcoH or XmjeH a , the line on which it rolls is per- 
pendicular to the electric force. The greatest distance measured 
in the direction of the electric force which the particle can get 
from its point of projection is 2 Im/eff 2 ; the average velocity 
in this direction is zero while the average velocity parallel to y, 
i.e. in the direction at right angles both to the electric and 
magnetic forces, is finite and equal to XJH . If the ion were 
projected with the velocity w parallel to the axis of z it would 
retain this velocity unaltered, and the average direction of motion 
of the ion would be at right angles to the electric force and along 
a lin e making an angle tan -1 XjwH with the direction of the 
magnetic force. 


56. If «o — 0 and v 0 = XJH we have by equations (18) and (19) 

y = 

x = 0. 

Thus in this case the path of the ion in the plane of xy is the 
same as if there were neither electric nor magnetic forces acting 
upon it: the force Xe acting on the particle due to the electric 
field is in fhi« case just balanced by the force Sev 0 due to the 
magnetic field. 


TCI 


X5 
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57. Returning to the general case represented by equations 
(17) and (18) we easily deduce that the maximum velocity V parallel 
to the plane of xy attained by the ion is given by the equation 


r=g + {v + (|-.) a }S 


thus until u 0 and v 0 are comparable -with X/H, the maximum 
velocity attained is very approximately 2 X/H and is independent 
of the velocity of projection, and the charge and the mass of the ion 
The maximum displacement 0 measured parallel to the direc- 
tion of the electric force is given by the equation 

and thus until u Q and v 0 become comparable with X/H, the distance 
travelled by the ion parallel to the lines of electric force will be 
very appro xima tely independent of the velocity of projection of 
the ion. 

If 0 1} £ 2 are the maximum displacements corresponding to 
the electric forces X, X x , X 2 , the magnetic force being the same 
throughout, we find from the preceding equation that 

“ = #(£-&)&-&)(&-£) {Xi (iz ~ il] 

+ a - & + (0i - £)}, 

2 o> (^1^2) r y it t \ 

S(0- ?x) (lx - &) (0 t - 0 ) 1 ^ 

+ Xx(0-to+z*<0i-e», 

1 


«o a = 




B<0- 


m + & a - ?)}■ 


0i )(&-&)(&-« 

+ X x £ x (i 2 

These equations supply a method for finding e/m and the velocity 
of projection of the ion. 

If the charged particles are projected from the plane as = 0 in 
all directions with a constant velocity v the distances they will 
travel from this plane will vary between 


SS-) -!(£+•)• 


2 (X 


The smaller value is the distance reached by those particles 
which are projected parallel to the plane in the direction for which 
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the force on the moving particle due to the magnetic field tends 
towards the plane, the larger value is the distance travelled by 
particles projected parallel to the plane in the opposite direction. 

If there is a second plane at a distance d from the plane 
of projection, then with a constant magnetic field all the particles 
will reach the second plane when the electric force X x is equal to 
or greater than the value given by the equation 

* \ 


2 fX x \ 
~a>\H V ')’ 


while none of them will reach the plane if the eleotnc force X z is 
equal to or less than the value given by the equation 

-=(§+•)« 

from these equations we get 


v = l(X>— 

V 2 H 


(X 1 + X 2 ) 
H*d 


With a constant electric force, all the particles will be prevented 
from reaching the second plane if the magnetic force H x is equal 
to or greater than the value given by the equation 


, 2m (X \ 


while none of them will be stopped by a magnetic force H 2 equal 
to or less than the value given by the equation 

j 2m (X \ 
d ~ eS 2 \H Z v ) ; 

from these equations we get 

X (H x JJg) __ e 2X 

H x E 2 * m ~ H x H 2 d ‘ 

These results may be applied to find v and efm. 


58. The case when the electric and magnetic foroes are at 
right angles to each other is a very important one as it includes 
the fields produced by electric waves. In these waves the electric 
and magnetic forces are not constant, but m the case of a simple 
harmonic wave may be taken as proportional to cos ypt. When 
the waves are all divergent the electric foroe is equal to V times 
the magnetic foroe, where V is the velocity with which the electric 


X5-* 



228 


EFFECT TRODTJCEiD BY A MAGNETIC FIELD [58 

■waves travel through the medium. Thus if the direction of 
propagation of the wave is parallel to the axis of y and if the 
magnetic force is parallel to the axis of z and equal to H a cos 9, 
the electric force will be parallel to the axis of x and equal to 

VH 0 cos 9, where 9 = p (t - -jQ - The equations of motion of a 

charged particle acted on by this electric wave are 


d^v dx -ry n 

m m* ==e at H ° oose ' 

From these equations we have, if dxjdt and 6 vanish simul- 
taneously, 

dX & r 7T o 

-=- = JS Q sin 0, 

dt m p 


d* 20 , H*e* 


dt 2 


+ 


sin 26 = 0. 


From the analogy of the second of these equations with that 
representing the motion of a simple pendulum we see that the 
character of the motion of the ions will depend upon the value 
of H 0 efjpmi if this quantity is large, 6 varies between definite 
limits and the average velocity of the ions parallel to x will 
vanish while that parallel to y will he equal to V : thus the wave 
will in this case carry the charged particles along with it. When 
however H^efaym is a small quantity, the effect of the wave will 
be to superpose on the undisturbed motion a small vibratory 
motion proportional to H 0 and parallel to the electric force in the 
wave and thus at right angles to its direction of propagation. It 
can be shown 1 that the maximum velocity in the direction of 
propagation is proportional to H 0 Z . 


i J. J. Thomson, PM. Mag. vi 4, p. 253, 1902. 



CHAPTER VI 


DETERMINATION OP THE RATIO OF THE CHARGE TO 
THE MASS OF AN ION 

59. The vain© of ejvn — the charge oil an ion divided by its 
mass — has been determined by the application of some of the 
results discussed in the preceding chapter. The first case -we 
shall consider is that of the ion m cathode rays. 

Cathode rays are the streams which start from the cathode in 
a highly exhausted tube through which an electric discharge is 
passing; they produce a vivid phosphorescence when they strike 
against the glass of the tube. In the chapter on cathode rays 
(vol. h) we shall give the evidence which leads us to the conclusion 



that they consist of negatively electrified particles starting from 
the neighbourhood of the cathode and moving with a very hi gh 
velocity along straight lines. Assuming that this is the nature 
of the cathode rays we shall show here how to determine the 
velocity of the particles and the value of ejm. Suppose that we 
have a highly exhausted tube of the pattern shown in Fig. 55. 

In this tube C is the cathode, A the anode, B is a thick metal 
disc connected with the earth, slits a millimetre or so in diameter 
being bored through the middle of the disc and through the anode; 
some of the cathode rays starting from the neighbourhood of the 
cathode pass through these holes, thus in the part of the tube to 
the right of the disc we have a pencil of negatively electrified 
particles travelling along straight lines parallel to the line joining 
the holes in the discs ; the place where these particles strike the 
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glass is marked by a patch of bright phosphorescence p. Suppose 
now that the tube is placed in a uniform magnetic field, the 0 f 
force being at right angles to the path of the ions , the paths of the 
ions will now be circles, the radii of the circles being (see p. 218) 
mv/eH, where m is the mass of the ion, e its charge, v its velocity, 
and H the strength of the magnetic field. The place at which 
these particles strike the tube will no longer be at p but at some 
other point p', the direction of pp' being at right angles to the 
magnetic force. Since op' is an arc of a circle of which op is 
a tangent, we have 

pp' (2 R + pp') — op 2 , 
where R is the radius of the circle; hence 


212 = — pp', 

pp' * 

or, since R = mvjeH, we have 


mv op 


If the magnetic field is not uniform we may proceed as follows. 
Since p the radius of curvature at any point of the path of the 
ion is given by the equation 


1 He 


p vm’ 


and since, when the path of the ion is fairly flat, 1/p is very 
approximately equal to d^y/dx 2 , where y and x are the coordinates 
of the ion, x being measured along the undisturbed path, and y a t 
right angles to it, we have 


dfiy __ He 
dx % ~ vm * 


so that pp' = JL dx (1). 

Hence if we measure pp' and know the distribution of the 
magnetic force H along the tube we can from t his equation 
determine the value of e/vm. This gives us a relation between v 
and m/e. We can determine v in the following way: two parallel 
metal plates D and E are placed in the tube, the plates being 
parallel to the lines of magnetic force and parallel also to the un- 
disturbed path of the rays; these plates are maintained at a known 
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difference of potential by connecting them to the terminals of a 
battery. Thus we have an electric field between the plates the 
lines of force of which are at right angles to the lines of magnet ic 
force and to the direction of motion of the ions; this electrostatic 
force Y tends to deflect the ions, the force acting on an ion being 
Ye ; the force due to the magnetic field acts in the aft-ma straight 
line and is equal to Hev. Adjust the sign of the difference of 
potential so that the electric and magnetic forces tend to oppose 
each other, then keeping one of the forces fixed, say the electrio 
force, alter the value of the other until the two forces just balance; 
this stage can be ascertained by observing when the phosphorescent 
patch p' is restored to its undisturbed position. When this stage 
is reached we have 

Ye — Hev , 

r 

or V = H ( 2 )* 

Thus by measuring Y/H we can determine the velocity of 
the ions composing the cathode rays. As we know e/vm from the 
experiments on the magnetic deflection we can deduce the values 
.of both ejm, and v. Equation (2) depends upon the assumption 
that the magnetic and electric fields are both uniform and coin- 
cident; if this condition is not fulfilled we must proceed as follows. 
Suppose that p" is the displaced position of p when the electric 
field alone is acting on the rays, then we can prove without 
difficulty that 

- d*J7 tr ° Ydx] ** (s): 

hence if we know the distribution of the electric field and the 
value of pp" we can by equation (3) find the value of efvhn, and 
since by equation (2) we can determine e/vm we have the data 
for determining both v and ejm. 

In order to apply this method it is necessary that the pressure 
of gas in the discharge tube in which the rays are produced 
should be very low; the passage of cathode rays through a gas 
makes it a conductor and thus, as the rays are shielded from the 
electrostatic field by the gas through which they move, the electro- 
static repulsion is hardly appreciable; if, however, the pressure of 
the gas is very low the conductivity of the gas is so small that 
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there is hardly any appreciable shielding effect and the deflection 
produced by the electric field is easily observed. 

If the pressure of the gas through which the charged particles 
pass is not exceedingly low the velocity of the particles will be 
reduced by collision with the molecules of the gas; to investigate 
this effect let us suppose that the velocity of the particle after 
traversing a distance x is equal to v 0 e -fe ®. The equation giving 
y, the magnetic deflection of the particle, will be 

das 2 mv 0 


If the magnetic field is uniform we have 
dy _ He 


das mvJc 


(<*»- 1) 


and 


y 


He / «*» - 1 
mv a k V k 



If the particle travels through the uniform field for a distance 
Z and then through a distance d under no magnetic force, before 
reaching the screen, the deflection at the screen will be 


y ( 



a>=Z 


__ He /d 01 — I 
~ mv 0 k V k 
or if kl be small 



dHe 

mv 0 k 


(«** ~ 1 ), 


• -S ? {K i+ ?) + *( i+ ¥)}- 

If z be the deflection due to the electrostatic force X we have 

d?z = Xe. 

dt 2 m ’ 


thus 


dz 

dt 


Xe 

m 


* = * — tK 


1 Xe 

2 m 


Again, 

so that t = — (c*® — 1). 

Tcv 0 

Hence if as before the particle travels through a distance l under 
a constant electric force and then for a distance d under no force, 
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2 , the deflection on reaching the screen, will he given by the 
equation 

Xe l 2 ,, , , Tx . Xe „ /, . 3 Jd\ 


Xe l 8 „ , 11x , Xe JT , ZU\ 

% == o o’ (1 “I™ A?Z) "1“ a dl [ X + -r- ) . 

mu 0 a 2 m« 0 a V 2 / ’ 

hence we have 



Thus the effect of the retardation of the rays by the gas will 
be to make the value of e/m given by the uncorrected expression 



too small. In a fairly good vacuum the correction is small; thus 
if the gas in the tube is air at the pressure *01 mm., h for particles 
moving with a velocity of 3 x 10® cm./sec. is about *0085. On 
the other hand, the residual gas will tend to make the electrical 
force in the part of the space between the plates traversed by the 
rays less than V/D, where V is the potential difference and D 
the distance between the plates; thus if we put X = V/D in the 
above equation the value of e/m would, if any residual gas were 
present, tend to be too large. 

Using this method the author in 1897 1 obtained the values for 
v and e/m given m the following table: the first column contains 
the name of the gas filling the tube: the different numbers given 
under one gas relate to experiments made at different pressures. 


Gas 

V 

m/e 

Gas 

V 

m/e 

Air 

2-8 x 10 9 

1*3 x l<r-» 

Air*. .... 

28 x 10» 

1-1 x 10- 7 

Air 

2*8 x 10 9 

1-1 x lOr* 

Hydrogen 

2*5 x 10» 

1*6 x 10- 7 

Air 

2-3 x 10 9 

1*2 x 10-» 

Carbonic 

2-2 x 10» 

1-5 x lO*^ 

Aii** 

3*6 x 10 9 

1*3 x 10- 7 

acid 




The mean of the values of m/e is 1*3 x 10 -7 or e/m = 7*7 x 10 6 . 
We see too that within the limits of the errors of the experiments 


x J. J. Thomson, Phil. Mag. v. 44, p. 298, 1897. 
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tli© value of ejm is the same whether the tube be filled with air, 
hydrogen or carbonic acid, so that it does not depend upon the 
nature of the gas. This result was first obtained by the writer 1 
by another method; the pressure in the discharge tube was 
adjusted so that the potential difference between the electrodes 
in the discharge tube was the same for all the gases tried; photo- 
graphs were taken of the rays when deflected by a constant 
magnetic field and from these it was found that the deflected rayj 
occupied the same position whether the gas in the tube was 
hydrogen, air, carbonic acid or methyl iodide; these gases give a 
wide range of densities, as the density of methyl iodide is about 
70 times that of hydrogen. The constancy of the value of e/m for 
the ions which constitute the cathode rays is in striking contrast 
with the variability of the corresponding quantity in the ions which 
carry the current through liquid electrolytes. Experiments were 
made on the effect of altering the metal of which the cathode was 
made; the experiments marked with an asterisk in the preceding 
table were made with platinum, electrodes, all the others were 
made with aluminium electrodes; it will be seen that the values of 
ejm are the same in the two cases. A further series of experiments 
on this point has been made by H. A. Wilson 2 , who used cathodes 
made of aluminium, copper, iron, lead, platinum, silver, tin and 
zinc, and found the same value for e/m in all cases. 

If we compare the value of ejm, viz. 77 x 10®, for the ions in 
the cathode rays, with the value of the corresponding quantity 
for the ions which carry the current through liquid electrolytes, 
we are led to some very interesting conclusions ; the greatest value 
of ejm in the case of liquid electrolysis is when the ion is the hydrogen 
ion, in this case ejm is about 10 4 . When we discuss the electric 
charge carried by the ion in the cathode rays we shall find that 
it is equal in magnitude to the charge carried by the hydrogen 
ion, in liquid electrolysis; it follows then that the mass of the 
hydrogen ion must be 770 times 3 that of the ion in the cathode 
rays; hence the carrier of the negative electricity in these rays 
must be very small compared with the mass of the hydrogen atom. 

1 J. J. Thomson, Proc. Comb. Phil. Soc. ix. p. 243, 1897. 

2 H. A. Wilson, Proc. Oamb. Phil. Soc. xu p. 179, 1901. 

3 More recent measurements give a ratio of 1844 : 1; see below, p. 265. 
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"We shall return to this point when we have studied other pheno- 
mena involving gaseous ions. 


60. Kaufmann 1 has introduced a method by which the 
deflections due to the electric and magnetic forces take place 
simultaneously and can be measured with great accuracy. A 
photographic plate is placed at right angles to the path of the 
undeflected rays and the electric and magnetic fields are arranged 
so as to produce deflections in directions at right angles to each 
other. Suppose the magnetic field produces a vertical, the electric 
a horizontal deflection. Let O be the pomt where the undefleoted 
rays strike the plate, then if all the rays have the same velocity 
the deflected rays will strike the plates at a pomt O', the vertical 
distance between O, O' will be 


1 He 

2 mv 



9 


and the horizontal distance 


II e 
2 mv 2 



hence if we measure these distances on the plates we have the 
means of determining v and e/m. If the particles have different 
velocities, then when the rays are deflected we shall have instead 
of one point O', a number of points 0 X , 0 2 , 0 3 ; by measuring the 
displacements of these points we can determine the various 
velocities of the particles and the values of e/m. We shall con- 
sider later how Kaufmann applied this method to find the effect 
of the velocity on the value of e/m for particles whose velocity is 
comparable with that of light. 


Ions in Lena/rd Rays. 

61. Lenard® has determined by the method described in 
Art. 59 the velocity and the value of e/m for the Lenard rays; 
these rays are cathode rays which have escaped from the discharge 
tube through a window of very thin aluminium foil. In his 
experiments the rays, after escaping from the discharge tube, 
entered a highly exhausted vessel where they were deflected by 

z Kaufmann, Qdttingen Nach. Mov. 8, 1901. 

2 Lenard, Wied. Awn . xLiv. p. 279, 1898. 
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electric and magnetic forces in the way described in the preceding 
article; the results of these experiments are given in the follo wing 
table* 


v cm /sec. 

e/m 

6-7 x 10 9 

7 x 10» 

8-1 x 10* 

6-49 x 10® 

6-32 x 10® 

6-36 x 10® 


The mean of the values of ejm is 6-39 x 10®, which agrees well 
with the value 7*7 x 10® found above. It will be noticed that the 
velocities of the ions in this case are much greater than in the 
preceding, taking the two sets together we have velocities of 
the ions ranging from 2*2 x 10 9 to 8*1 x 10 9 cm./see. without any 
indication of a change in the value of ejm. 

Lenard 1 has also made some very interesting experiments on 
the effect of an external electric field in accelerating or retarding 
the motion of the ions. The apparatus used for this purpose is 
shown in Fig. 56. 



The rays after coming through the window A. pass through 
small holes in two parallel circular metallic plates C x and O z ; of 
these C x is always kept connected with the earth, while C 2 is 
charged positively or negatively by means of an electrical machine; 
after leaving this condenser the rays pass between two plates M, 
used for producing the electrostatic deflection, on to a screen S; 
i Lenard, Wied. Ann xlv. p. 804, 1898. 
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the dotted circle round M represents the coil used for producing 
the magnetic deflection The velocities of the ions were measured 
(1) when the plates of the condenser 0,C 2 were at the aama 
potential, (2) when they were maintained at different potentials; 
it was found that when the plate C 2 was negatively electrified the 
velocity in case (2) was less than that in (1), while when the plate 
C a was positively electrified it was greater; if v x is the velocity of 
the ions in case (1), v 2 that in case (2), then ass uming that the 
whole change in the energy is due to the action of the electric 
field we have 

W - V) = eV (1), 

where V is the potential difference between the plates, V being 
taken positive when C7 a is at a higher potential than G x . The 
results of Lenard’s experiments are given in the following table; 
the fourth column contains the value of ejm calculated by 
equation (1). 


v x (om./seo.) 

v z (om./seo.) 

V (electromagnetic 
units) 

e/m 

•7 x 10 1 ® 

•36 x 10 10 

- 291 x 10 1 ® 

6-2 x 10 6 

*68 x 10“ 

•34 x 10 1 ® 

- 210 x 10 1 ® 

8-1 x 10® 

•62 x 10" 

•89 x I0 1 ® 

4- 291 x 10 1 ® 

6-9 x 10° 

•77 x 10 1 ® 

-47 x 10 1 ® 

- 291 x 10 l « 

6-4 x 10® 

•79 x 10 10 

1 0 x I0 1 ® 

+ 291 x 10 1 ® 

6-6 x 10® 

•88 X 10 1 ® 

1-07 x 10 1 ® 

i 

+ 291 x 10“ 

6-6 x 10® 


The constancy of the value of ejm is a strong confirmation of 
the truth of the theory that the rays are charged particles in 
rapid motion. 

Method of determining the value of ejm and v by measuring 
the Energy carried by the Cathode Rays. 

62. Many other methods have been employed to measure ejm. 
One, used by the writer 1 , was to measure the energy carried by 
the rays. To do this a narrow pencil of rays passed through a 
small hole in a metal cylinder and fell upon a thermo-couple, the 
couple was heated by the impact of the rays, and by measuring 


I J. J. Thomson, JS? Zectncicm, May, 1897, Phil. Mag. v. 44, p. 293, 1897. 
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electric and magnetic forces in the way described in the preceding 
article; the results of these experiments are given in the follo wing 
table* 


v cm /sec. 

e/m 

6-7 x 10 9 

7 x 10» 

8-1 x 10* 

6-49 x 10® 

6-32 x 10® 

6-36 x 10® 


The mean of the values of ejm is 6-39 x 10®, which agrees well 
with the value 7*7 x 10® found above. It will be noticed that the 
velocities of the ions in this case are much greater than in the 
preceding, taking the two sets together we have velocities of 
the ions ranging from 2*2 x 10 9 to 8*1 x 10 9 cm./see. without any 
indication of a change in the value of ejm. 

Lenard 1 has also made some very interesting experiments on 
the effect of an external electric field in accelerating or retarding 
the motion of the ions. The apparatus used for this purpose is 
shown in Fig. 56. 



The rays after coming through the window A. pass through 
small holes in two parallel circular metallic plates C x and O z ; of 
these C x is always kept connected with the earth, while C 2 is 
charged positively or negatively by means of an electrical machine; 
after leaving this condenser the rays pass between two plates M, 
used for producing the electrostatic deflection, on to a screen S; 
i Lenard, Wied. Ann xlv. p. 804, 1898. 
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Methods of determining v and e/m from the Magnetic Deflection and 
Potential Difference between the electrodes of the discharge tube . 


63. These methods, which were first used by Schuster 1 in 1890, 
are based on the following principles. If V is the potential differ- 
ence between the terminals of the tube, then the work done on an 
ion in passing from one end of the tube to the other is Ye, hence 
the kinetic energy acquired by the ion cannot be greater than 
Ye, so that 


I’rom the observation of the effect of the magnet on the 
discharge (Schuster measured the radii of the circles which are 
the path of the ions in a strong magnetic field) we know the 
value of mv/e, let us call this quantity q, then from the preceding 
equation we have 


To find an inferior limit for e/m, Schuster took v equal to the 
velocity of mean square of the atoms of the gas in the tube; calling 
this velocity U we have 

e/m * 

Schuster found for air by this method 

e/m * 11 x 10®, 
e/m <|; 10 s . 

If we assume that the charge on the nitrogen atom is three 
times that on the atom of hydrogen m the electrolysis of liquids 
and if m is the mass of the nitrogen atom, then e/m is equal to 
2 x 10 s ; as this is within the limits for e/m previously found, 
Schuster concluded that the negatively electrified particles in the 
cathode rays in a tube filled with nitrogen are atoms of nitrogen. 
We have seen that more recent investigations have led to quite 
a different conclusion. 


64. Several determinations of the values of e/m and v have 
been made on the assumption that the kinetic energy possessed 
by the ion is equal to the energy that would be acquired by the 
x Schuster, Proe. Boy. Soe. zlvu. p. 620. 



236 DETERMINATION" OF THE RATIO OF THE CHARGE [61 

electric and magnetic forces in the way described in the preceding 
article; the results of these experiments are given in the follo wing 
table* 


v cm /sec. 

e/m 

6-7 x 10 9 

7 x 10» 

8-1 x 10* 

6-49 x 10® 

6-32 x 10® 

6-36 x 10® 


The mean of the values of ejm is 6-39 x 10®, which agrees well 
with the value 7*7 x 10® found above. It will be noticed that the 
velocities of the ions in this case are much greater than in the 
preceding, taking the two sets together we have velocities of 
the ions ranging from 2*2 x 10 9 to 8*1 x 10 9 cm./see. without any 
indication of a change in the value of ejm. 

Lenard 1 has also made some very interesting experiments on 
the effect of an external electric field in accelerating or retarding 
the motion of the ions. The apparatus used for this purpose is 
shown in Fig. 56. 



The rays after coming through the window A. pass through 
small holes in two parallel circular metallic plates C x and O z ; of 
these C x is always kept connected with the earth, while C 2 is 
charged positively or negatively by means of an electrical machine; 
after leaving this condenser the rays pass between two plates M, 
used for producing the electrostatic deflection, on to a screen S; 
i Lenard, Wied. Ann xlv. p. 804, 1898. 
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electric field, the heat produced by them, and, on the preceding 
assumption, the fall of potential at the cathode all involve the 
same quantity, the kinetic energy of the electron. Seitz deter- 
mined the kinetic energy by each of these methods and found 
that they gave the same value. 

The method used by Lenard, and described on p. 236, though 
it depends upon the same equations is not open to these objections, 
as in this method the potential difference which enters into the 
equations is applied to the ions after they have been produced 
and started on their path, and m this case the increase in the 
VfnAfrift energy must equal the work done if we can neglect the 
loss of kinetic energy of the ions produced by collisions with the 
molecules of the gas; this effect can be eliminated by working at 
very low pressures and varying the length of path traversed by 
the ion under the electric field. 

Becker 1 has determined ejm for cathode rays by this method; 
he finds ejm = 1-8 x 10 7 ; the velocity of the rays was about 
10 10 cm./sec. 

Malassez 2 in a similar way finds e/m = 1-76 x 10 7 for rather 
slower rays. 

65. In January, 1897, Wiechert 3 published a determination 
of the values between which e/m must lie. The principles on 
which this determination is based are as follows: by measuring 
the magnetic deflection m a field of known strength we can 

determine — v; to get a second relation between mje and®, Wiechert 

put 

It *-* 7 

where V is the difference of potential between the electrodes in 
the discharge tube and k an unknown quantity which cannot be 
greater than unity. To get the maximum value of v, and there- 
fore the m aximum of e/m, k in equation (1) was put equal to unity. 
To get minimum values for v and ejm Wiechert assumed that 

1 Becker, Ann. dear Phys. xvii p. 381, 1905. 

2 Malassez, Ann. Chtm. Phys* xxrii pp. 231, 397, 491, 1911. 

3 Wiechert, Sitzungsber . d . Phyetkal.-okonom. Gesellsch. am Komgsberg Pr . 

xxxvui. p 1, 1897. 
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~ f~.li a kinetic energy of the ions in the cathode rays was greater 
than that due to a fall through a potential difference equal to 
the ‘cathode fall of potential.’ The cathode fall of potential is 
the differenc e between the potential of the cathode and that of a 
point on the outer boundary of that dark space in the discharge 
which adjoins the cathode. Warburg has shown that this cathode 
fall of potential is independent of the magnitude of the current 
through the gas, of the pressure of the gas and, within certain 
limitations, of the nature of the electrodes. As its value in air is 
about 270 volts, Wiechert assumed that a minimum value for 
JeV was 200 volts. The grounds for this assumption do not seem 
obvious ; a priori it would seem more probable that the minimum 
value to take for KV should have been the potential difference, 
not between the cathode and the outer boundary of this dark 
space, but between this boundary and the place where the mag- 
netic deflection of the rays was determined, for we know that the 
rays are fully developed at this boundary, and it is by no means 
so certain that at moderate pressures they all exist close to the 
cathode. Using these assumptions, however, Wiechert found for 
the maximum value of ejm the value 4 x 10 7 and for the minimum 
value 4 x 10®. 

66. Wiechert 1 has also determined by direct measurement 
the velocity of the ions in the cathode rays, using a method first 
applied by Des Coudies 2 for this purpose. The principle of the 
method is as follows: suppose that ABCD, A'B'C'D' are two 
circuits traversed by very rapidly alternating currents, such as 
those produced by the discharge of a Leyden jar, let us suppose 
that the currents in the two circuits are in the same phase, and 
that these circuits are placed close to a tube along which cathode 
rays are passing. The currents in the circuits will give rise to 
electric and magnetic forces which will deflect the rays as they 
pass by the circuits. If the velocity of the rays were infinite, 
then the deflections produced by the two circuits on the rays 
would be equal and in the same direction; if however the rays take 
a finite time to travel from one circuit to the other, and if the 
distance between the circuits is adjusted so that this time is equal 

1 Wiechert, Wted Awn. lxus. p. 739, 1899. 

2 Dea Coudres, Verhandl d. physikal. Oesellsch. m Berlin, xiv. p. 86, 1895. 
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to the period of vibration of the current, then the deflection 
produced by the first circuit will be equal and opposite to that 
produced by the second; or if the distance between the circuits 
is such that the time taken by the rays to pass from one circuit 
to the other is equal to one-quarter of the period of the currents, 
then when the effect produced by the circuit ABGD is a maximum 
that produced by A'B'C'D' will be zero. 




- C 


Eig 67. 

The arrangement used to apply these principles ti> detenMne 
the velocity of the cathode rays is represented in Fig- 57 * ^ 

A'B'G'iy are the circuits caxrying the currents produce y ^ 
discharge of the jars, C is a concave cathode, B x , B* me a - 
phragms perforated at the centre, G a screen covered 
material whioh becomes phosphorescent when hombarde 7 
cathode rays. M is a horse-shoe magnet which deflect t 
from the hole in the diaphragm B x , so that when no 
passmg through ABGD, A'B'C'D' the cathode ray* **> 
the diaphragm and the phosphorescent screen remains a 
a current passes through ABCD the pencil of cathode rays * 
fleeted and swings backwards and forwards like a pe ^ 

during the swing the pencil strikes the hole m 80 ffl 
rays get through * and * Jf and the screen 
miaated. The brightness of the illumination will be br 

the hole in B x is just at the extremity of the swing 


l6-3 
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the current in ABCD, for in this case the pencil is momentarily at 
rest, and the time the pencil remains on the opening is therefore 
a maximum. If there is no current in A'B'C'D' the position 
of the phosphorescent spot on the screen will be on the line 
joining the holes in the two diaphragms, if a current in the same 
phase as that through ABCD is passing through A'B'C'D', then 
since the cathode rays that reach the diaphragm are displaced 
upwards by the current in ABCD, they will be s imil arly displaced 
by that in A’B'C'D' , and the phosphorescent patch will be above 
the line joining the holes in the diaphragm, while if the current 
in A'B'C'D' is in the opposite phase the patch will be displaced 
downwards, the direction of the displacement of the patch will 
be reversed by reversing the poles of the magnet. If however 
the phases of the currents in ABCD, A'B'C'D' differ by a quarter of 
a period, then when the vertical displacement due to ABCD is 
a maximum that due to A'B'C'D' will be zero, and the vertical 
distribution of the light on the screen G will not be affected by 
reversing the magnet M. We can ensure that the rays which 
get through the opening in B x are those which are passing when 
the vertical displacement due to the current m ABCD is greatest, 
by gradually increasing the deflection of the rays by moving the 
magnet M; when we have got M into such a position that any 
further increase in the deflection prevents any rays from rea ching 
the screen, we know that only those which suffer the rnarimnni 
deflection come under the action of A'B'C'D'-, if then we move 
A'B'C'D' into such a position that the vertical distribution of phos- 
phorescence on the screen is not affected by reversing M, we 
know that when the rays are passing A'B'C'D' the current in this 
circuit differs in phase by a quarter-period from the phase of the 
current in ABCD when the rays were passing that circuit. If the 
circuits ABCD, A'B'C'D' are arranged so that the currents in 
them are simultaneously in the same phase, we know that the rays 
must have taken a time equal to one-quarter of a period of the 
currents to pass from ABCD to A'B'C'D’. The period of the 
currents can be determined by Lecher’s method 1 , hence knowing 
the distance between the circuits we can deter min e the velocity 
of the rays. 


I Lecher, Wied. Ann. xci. p. 850, 1890. 
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The arrangement used to carry out this method is represented 
in Fig. 58. CO are two pairs of parallel plates; the upper pair 
of plates are connected with the spark gap F, which is also con- 
nected with the terminals of an induction coil, the lower pair of 
plates are connected symmetrically with the circuits A. B CD, 
A'B'C'iy. The cathode rays are produced by a system in electrical 
connection with that producing the alternating currents. L and L 



Pig. 58. 

are two Leyden jars whose outer coatings are connected with the 
extremities of the spark gap F, the inner coatings of the jars 
are connected with the primary coil of a high tension transformer, 
the secondary coil of which is connected with the anode and 
cathode of the discharge tube. In order to prevent the rays being 
scattered to the walls of the tube during their passage from one 
circuit to another a magnetising spiral was wound round the 
tube producing a magnetic force parallel to the length of the 
tube; this concentrated the rays along the axis of the tube and 
made the observations easier. With this contrivance it was found 
possible not merely to find a position of A'B'C'D', when the 
currents differed by a quarter of a period, when the rays passed 
through them, but to find the second position when they differed 
by three-quarters of a period. 
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If A is the distance between the circuits when they differ by 
a quarter-period, L the wave-length of the electrical waves passing 
through these circuits, v the velocity of the rays, and V the 
velocity of light, then 

v A 

V = T/ 4* 

Thus, in one experiment, L = 940 cm., A = 39, hence v is about 
5 x 10 8 . The pressure was between £ and J of a millimetre. 
v being determined, we get e/m from the value of mv/e, which 
is found by measuring the magnetic deflection of the rays. The 
determination of v by this method is difficult and we cannot 
expect a high degree of accuracy. As the result of his experi- 
ments, Wiechert came to the conclusion that the value of e/m 
is between 1-55 x 10 7 and 1-01 x 10 7 . The most probable value 
he gives as 1-26 x 10 7 . 

Determination of e/m for the Negative Ions produced when ultra- 
violet light falls on a metal plate , the gas through which the ions 
pass being at a very low pressure. 

67. The writer 1 determined the values of e/m for the negative 
ions produced by the incidence of ultra-violet light on a metal plate 
by the following method. It is proved on p. 225 that when 
an ion starts from rest from the plane x = 0, at the time t = 0, 
and is acted on by a uniform electric field of strength X, parallel 
to the axis of x, and by a uniform magnetic force H, parallel 
to z, the position of the particle at the time t is given by the 
equations 

— “5I 1 — £»)}■ 

mX (e . (e rr A) 

V = — rfal — St — sin — Ht H , 
e I/ 2 \m \m J ) ’ 

where x and y are the coordinates of the ion. The path of the 
ion is thus a cycloid and the greatest distance the ion can get 
from the plane x =» 0 is equal to 2mX/eH 2 . 

Suppose now that we have a number of ions starting from 
the plane x — 0, and moving towards the parallel plane x= a, 
supposed to be unlimited in extent; if a is less than 2 rnX/eH* 
I J. J. Thomson, Phil. Mag. v. 48, p. 647, 1899. 
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all the ions which start from x = 0 will reach the plane x = a, 
while if a is greater than 2 mX/eH* none of the ions will reach 
this plane. If * = 0 is a zinc plate ill umin ated by ultra-violet 
light, and thus the seat of a supply of negative ions, and x = a 
a metal plate connected with an electrometer, then when a 
definite electnc intensity is established between the plates, so 
that the number of ions which leave the plate in unit is 

fixed, and if a is less than 2 XmjeH*, all the ions which start 
from x = 0 will reach the plane x = a. Thus the rate at which 
the plate connected with the electrometer receives a negative 
charge will be the same when there is a magnetic force acting 
across the plate as when there is no such force. If however 
a is greater than 2 Xm/eH 2 , then no ion which starts from x = 0 
will reach the plane x = a, and this plate will not receive any 
negative charge: so that in this case the magnetic field entirely 
stops the supply of negative electricity to the plate connected 
with the electrometer. Thus, on this theory, if the distance 
between the plates is less than a certain value, the magnetic 
force produces no effect on the rate at which the plate connected 
with the electrometer receives a negative charge, while when the 
distance is greater than this value the magnetic force entirely 
stops the supply of negative electricity to the plate. The actual 
phenomena are not so abrupt as this theory indicates. We find 
m practice that when the plates are near together the magnetic 
force produces only an exceedingly small effect, and this an 
increase in the rate of charging of the plate. On increasing 
the distance between the plates, we come to a stage where the 
magnetic force produces a very great diminution in the rate of 
charging; it does not, however, stop it abruptly, as there is 
a considerable range in which the magnetic field diminishes but 
does not entirely stop the supply of negative electricity to the 
plate. At still greater distances the current to the plate under 
the magnetic force is quite insignificant compared with the 
current when there is no magnetic field. We should get this 
gradual instead of abrupt decay of the current if the ions were 
projected with finite velocity, or if, instead of all starting from 
the plane x — 0, they started from a layer of finite thickness t; 
in this case the first ions which failed to reach the plate would 
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be those which started from x — 0, this would occur when 
a = 2mX/eS a ; some ions would however continue to reach the 
plate until a==t+ 2mX/eE 2 . Thus if we measure the distance 
between the plates when the magnetic force first begins to retard 
the current, we can, if we know the values of X and H, determine 
the value of e/m. The finite thickness of the layer from which 
the ions start may be explained by the use of a principle which 
we shall find of great importance in many other phenomena 
connected with the discharge of electricity through gases- it is 
that when ions move through a gas with a velocity exceeding a 
certain limit, the ions by their collisions with the molecules of the 
gas through which they move produce fresh ions. Thus when the 
negative ions which start from the metal surface acquire under the 
electric field a certain velocity they will produce new ions, and 
thus the ionisation will not be confined to the metal plate but 
will extend through a layer of finite thickness. 

In using this method of determining e/m it is necessary to 
have the gas between the plates at a very low pressure, so low 
that the mean free path of the ion is at least comparable with 
the distance between the plates; if this is not the case the resist- 
ance offered to the motions of the ions by the viscosity of the gas 
prevents the preceding investigation from being applicable. 

The mean value of ejm found in these experiments was 
7-3 x 10*. It thus agrees very well with the value 7-6 x 10* found 
for the same quantity for the carriers of the negative electricity in 
the cathode rays: and proves that the carriers of electricity in the 
two cases are the same, or, as we may express it, that a metal 
plate emits cathode rays when illuminated by ultra-violet light. 

68. Lenard 1 in 1900 also measured the value of e/m in the 
case of the discharge of negative electricity through gas at a very 
low pressure from a cathode illu min ated by ultra-violet light. 
The arrangement he used is represented in Fig. 59. A is an 
aluminium plate on which the ultra-violet light shines: this light 
comes from a spark between zinc electrodes and enters the tube 
through the quartz window B. E is another metal electrode 
perforated in the middle and connected with the earth; it shields 

I Lenard, Ann. d. PTiys. li. p. 359, 1900. 
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the right-hand part of the apparatus from the electrostatic action 
of the charged electrode A. D and C are electrodes which o&jx be 
connected with an electrometer. When A is charged lip a stream 



of negative electricity goes through the opening in E, and striMng 
against the plate D, charges up the electrometer with negative 
electricity. If the electrometer be connected with C instead of 
with D, it will not receive any charge. We can however give 
G a charge by deflecting the stream of negative ions by a magnet 



until they strike against C. As we still further increase the 
magnetic field the ions will be deflected by the field past O, and 
the charge communicated to G will fall ofi rapidly. The amount 
of negative Electricity received by the electrodes D and G re- 
spectively, as the magnetic force is increased, was in Lenard’s 
experiments represented by the curves in Fig. 60. The ordinates 
are the charges received by the electrodes and the abscissae the 
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values of tie magnetic force. The curve to tie left is for tie 
electrode D, tiat to tie rigit for G. Since tie negative ions are 
not exposed to any electric field in tie part of tie tube to tie 
rigit of E, tieir patis in tiis region under a constant magnetic 
field will be circles wiose radii are equal to mv/eH. Now G will 
receive tie maximum ciarge wien tie circle witi tiis radius 
passing througi tie middle of tie iole in E, and having its 
tangent at this point horizontal, passes also through the middle 
of tie electrode C. Tie radius R of tiis circle is fixed by the 
relative positions of E and G. Hence, if we measure H wien 
C receives its m aximum charge, we have 


R = 


mv 

eS 


( 1 ). 


Tie velocity is determined by tie assumption tiat tie work 
done by the electric field, wien tie ion passes from A to E, is 
spent m increasing tie kinetic energy of tie ion (we have already 
considered on p. 240 the objections which may be raised against 
tiis assumption) : tiis leads to tie equation 

\mo 2 — Ye (2), 

where V is tie potential difference between A and E. From 
equations (1) and (2) tie values of e/m and v can be determined. 
In tiis way Lenard found tiat e/m for tie negative ions produced 
by tie action of ultra-violet igit in a gas at a very low pressure 
is equal to 1*15 x 10 7 . 

Reiger 1 found for the negative ions emitted by glass wien 
exposed to ultra-violet light values of e/m ranging from 9*6 x 10® 
to 1*2 x 10 7 . 


68 * 1 . A careful series of experiments has been made by Alberti 2 
on these ions. Light from a mercury vapour lamp was directed 
on to tie oxidised copper plate K (Fig. 61). The electrons fell 
through an accelerating field of 15,000—20,000 volts and passed 
through a fine slit in tie anode A. Tie whole was placed in a 
u n i f orm magnetic field produced by currents in tie three coils 
shown in cross-section. Tie rays after leaving A thus described 
an arc of a circle and struck tie phosphorescent screen P. In 

1 Reiger, Ann. der PTiys. xvii. p. 947, 1905. 

2 Alberti, Ann. der Phye. xxxix. p. 1133, 1912. 
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a plane parallel to that of A were a number of fin* wires F parallel 
to the slit , if the beam struck one of these it cast a sharp shadow 
on P whose position could be measured with accuracy. From thin 
the curvature of the path was calculated. Since 

.L «= and J mv* = eV, 

where V is the potential between K and A, e/m can be fo und. One 



of the difficulties in an accurate determination of this kind is to 
find JS. It can be done either by calculation from the dimensions 
of the coils or by comparing the field with that caused by a standard 
coil of known dimensions. In this case the two methods gave 
appreciably different results leading to values of c/m, 1-756 x 10 7 
and 1*766 x 10 7 respectively. 

Value of ejm for the Negative Ions produced by an 
Incandescent Wire, 

69. A metal wire when raised to a white heat in a gas at 
a very low pressure gives out negative ions; the writer 1 has 
x J- J. Thomson, PhtL Mag. v. 48, p. 647, 1899. 
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determined the value of e/m for the negative ions given out by an 
incandescent carbon filament in hydrogen at a very low pressure. 
The method used was the same as that used by him to determine 
the value of ejm for the ions produced by the action of ultra-violet 
light, and which has already been described on p. 246. The 
value of ejm found in this way was 8-7 x 10®, which agrees within 
the errors of experiment with the values found for e/m for the 
ions in the cathode rays, and for those produced by the action of 
ultra-violet light. 

For the particles emitted by a glowing Nernst filament Owen 1 
found e/m = 5-65 x 10®, and for those emitted by glowing lime 
Wehnelt 2 found e/m = 1*4 x 10 7 . 


69 * 1 . More recent deter min ations of e/m for these ions have been 
made by Classen 3 and by Bestelmeyer4. The former used a very 
neat form of apparatus shown in 
Fig. 62. The ions were produced 
from the electrically heated speck 
of oxide at K. Close to this was 
a platinum plate A with a fine 
hole in its centre, through which 
the ions were drawn by an 
electric field of 1000 or 4000 
volts between A and K. The 
whole was in a uniform magnetic 
field due to two Helmholtz coils 
Sp which bent the rays as shown 
by the dotted line, so that after 
passing round in a semicircle 
they struck the underside of the 
photographic plate P, which was 
specially cut into a circle with 
a hole through its centre. By reversing the magnetic field the 
rays could be deflected on to the opposite part of the plate, and 
the distance between the two impressions so formed gave twice 



1 Owen, Phil. Mag. -vi. 8, p. 230, 1904 

2 Weknelt, Ann. dear Phys. xiv. p. 425, 1904. 

3 Classen, Phys. Zeits. ix p. 762, 1908 

4 Bestelmeyer, Ann. dear Phys . xxxv. p. 909, 1911. 
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the diameter of the path, after making a small correction for the 
fact that the plane of the plate lay slightly below the centres 
of the circles described by the rays. The apparatus was ex- 
hausted, and the coils were arranged so that, without disturbing 
the rest of the apparatus, they could be rotated about a vertical 
axis, thus changing the direction of the magnetic field and the 
plane of the semicircles described by the rays. For each of six 
settings of the magnetic field exposures were taken with five slightly 
varying values of the magnetic field, so that in all thirty diameters 
could be measured on the plate, each of which gives a value of 
ejm. An additional advantage of rotating the magnetic field in this 
way is that it enables the earth’s magnetic field to be eliminated. 
The mean value f ound after correction to zero velocity (see below, 
§ 70*4) was 1-776 x 10 7 . 

Bestelmeyer 1 used a method which enabled him to follow the 
path of the rays over a long distance. The rays, produced from 
a heated speck of lime and accelerated by about 870 volts, were 
bent round in a circle of about 17-6 cm. diameter, almost returning 
to the starting-point. The circle was marked out by six diaphragms, 
and the path of the rays observed by the light they produced in 
the residual gas of the apparatus, the distances at which they 
passed from the edges of the diaphragms being measured with 
microscopes. The magnetic field, about 11 gauss, required to 
produce the curvature was determined from the current and 
dimensions of the solenoid which produced it. It was found that 
the curvature was slightly greater at the end of the path than at 
the beginning, owing to the slowing down of the rays by collision 
with the gas molecules. The value 1-767 x 10 7 was found for 
ejm, which would be somewhat reduced if allowance were made 
for the reduction in velocity. 

Value of e/m for the Negative Ions emitted by Radioactive 

Substances. 

70. It has been shown by M. and Madame Cune® that 
the radioactive substance radium emits negative ions. The 
velocity of these ions and the value of e/m have been dete rmine d 

1 Bestelmeyer, Ann. d&r Phys. xxxy. p. 909, 1911. 

2 M et Mine Cane, Comptes Rendu* t. 130, p. 047. 
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by Becquerel 1 . The method he employed was to measure the 
deflections of the rays produced by an electrostatic and also by a 
ma gn etic field. The experiments were made at atmospheric pressure, 
and the resistance offered to the motion of the ions by the gas 
through which they pass was neglected : this would not be justifiable 
in the case of the ions we have hitherto been considering, but as 
the ions emit ted by radium are very much more penetrating than 
those we have hitherto considered, and are able to travel as far 
through a gas at atmospheric pressure as other kinds of ions 
travel through a gas at a very low pressure, we shall probably get 
approximately the right values for e/m and v for the radium ions 
even if we neglect the resistance of the gas. The radium was 
placed below two parallel vertical metal plates, about 3-5 cm wide 
nnrl l cm. apart; above these metal plates was a horizontal photo- 
graphic plate protected by a covering of black paper from the action 
of light ; a thin slip of mica, symmetrically situated with respect 
to the metal plates, was placed over the radium, this cast a shadow 
on the photographic plate which when the metal plates were at 
the same potential was at the middle of the field; when a great 
difference of potential, 10,200 volts, was maintained between the 
plates the position of this shadow was displaced towards the 
positive plate. Consider an ion passmg between the plates, then 
if Z is the length of its path between the plates, F the electric 
force acting upon it, the displacement of the ion parallel to the 
lines of electric force when it leaves the region between the plates 


1 Fb l 2 

is ?r — = , and its direction of motion is displaced through an 

2 m v 2 * 

Fb l 

angle tan -1 ~ ~z> hence if h is the vertical distance of the photo- 
graphic plate above the upper edge of the parallel metal plate, 
the point where the ion strikes the plate will be deflected through 
a space 8 parallel to the line of electric force, where 8 is given 
by the eqmttUm _ 1 f. P JW 

2 m v 2 m v 2 


Fe l 
m 




i Becquerel, Rapports prisenUs au Cong res International de Physique & Paris , 
t. iii. p. 47, 1900. 
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The magnetic deflection was found in the following way: a 
small quantity of radium was placed in a little lead saucer on 
a photographic plate; as none of the rays from the radium reach 
the plate the latter is not affeoted; if however a strong magnetic 
field, with the lines of force parallel to the plate, acts on the negative 
ions coming from the radium, these will be bent round and will 
strike the plate, producing a photograph. 


To find the boundary of this photograph, let us take the 
plane of the photographic plate as the plane of xy, the magnetic 
force S being parallel to x; the equations of motion of an ion are 


d z x 


<L*y -ry dz 


d*z TT dy 


the solutions of these equations are, if to = Hejm, and u, A, B 
are constants, 

x = ut, 

y = A (1 — cos cot) + B sin cot, 
z — A sin cot -t- B (cos wt — 1). 

If v and w are the values of dy/dt, dzjdt when t = 0, we have 
y — — (1 — COS cot) + - BID cot, 

60 CO 


z = 


VU * v - ^ . 

— sin cot H — (cos cot — 1) ; 

CO CO 


when the ion strikes the plane we have z = 0, hence 

w 

tan $oot ==> — . 


Now if the ion is projected so as to make an angle 6 with 
the direction of the magnetic force, and if the plane through the 
direction of projection and the axis of a makes an angle <f> with 
the plane of xz, we have, if V is the velocity of projection, 

u = V cos 6, v—V sin 8 sin <f>, w = V sin 8 cos <f>', 
hence tan ■JojS = cot <f> 



cot =»«■ — 2 tj>. 


thus 
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Substituting this value for t, we find, if £ and 17 are the, co- 
ordinates of the point where the ion strikes the photographic 

^ , Vco*». ... 

i = — — (w - 2< p)> 


CD 


V = 


2F sin fl cos </> 


Thus, for the particles projected in a plane through the axis 
of sc, the locus of the points where they strike the plate will be 

2F cos 4 > , F (tp — 2<£) 

an ellipse whose semi-axes are — - - and — . For 

the particle projected in the plane of xz, the semi-axes of the 
ellipse are 2F/cd and vV/co. An example of such an ellipse is 
shown in Fig. 63, which is copied from a photograph by Becquerel. 



'■ 'i 


Fig. 63. 

By the meastneuaeiit of the axes of the ellipse we can deter- 
-mfnp. F/co, i e. YmjeH. As the radium emits ions having velocities 
extending over a considerable range, the impression on the plate 
is not the arc of a single ellipse, hut a band bounded by the 
ellipses corresponding to the smallest and greatest velocities of 
the ions. Becquerel took photographs when the ions from the 
r adium went (1) through the air at atmospheric pressure, and 
(2) through air at very low pressure ; the photographs were found 
to be identical, in fact one-half of the photograph represented 
in Fig. 63 is produced by ions going through air at atmospheric 
pressure, and the other half by ions going through air at a very 
low pressure. The identity of the results in the two cases justifies 
us in our neglect of the resistance of the air. 

As the result of his experiments Becquerel found for one set 
of rays given out by the radium 

v = 1-6 x 10 10 , e/m — 10 7 , 

thus the value of e/m is the same for these negatively charged 
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ions from radium as for the ions in the cathode and Lenard rays, 
as well as for those produced by ultra-violet light or by in- 
candescent metals. The velocity of the ions is much greater 
any we have met with in the case of ions arising in other ways, 
amounting as it does to more than half the velocity of light ;* 
the ions chosen by Becquerel for this experiment were by no 
means the fastest given out by the radium. Becquerel detected 
the existence of others whose velocity was at least half as much 
again as the velocity of those he measured. 

70*1. The constancy of the value of e/m for the ions derived 
from these varied sources justifies the assumption that we are dealing 
with identical bodies in all cases, which must therefore be present 
in very varied kinds of matter. Further, the value of e/m found is 
the same, within the errors of experiment, as that found by Zeeman 
and later workers for the electrified particles whose vibrations 
they assumed to cause the emission of spectral lines. Johnstone 
Stoney had suggested the term ‘electron’ for these hypothetical 
particles, and this name is now generally adopted for the various 
classes of ions above mentioned which show the same value of 
e/m. It must be realised that while these ions start as electrons 
they, in most cases, readily attach themselves to molecules of 
gas, if these are present, forming heavier ions with a much smaller 
e/m. A discussion of the optical methods of determining e/m 
would take us beyond the scope of this book, but they are of two 
kinds. The original method of Zeeman depended on the splitting 
up of spectral lines in a magnetic field, the second method depends 
on the relation between the wave-lengths of lines in the spectra 
of hydrogen and ionised helium, using Bohr’s theory of the atomic 
structures. While these methods are capable of great numerical 
accuracy owing to the accuracy attainable in wave-length measure- 
ments, they involve questions of atomic structure and dynamics 
which are not yet settled, and the very direct methods, described 
above, are of great importance as a check on the results deduced 
from theoretical considerations. 

70*2. Since a moving electrified particle is surrounded by a 
magnetic field which possesses energy, more work will have to 
be done to start or stop the particle than if it were uncharged. 
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It will thus behave as though it had an extra mass due to its charge, 
a result pointed out by one of the authors in 1881. While the 
increase m mass for a particle of ordinary size is negligible for 
such degrees of electrification as are practically possible, it becomes 
more and more important as the size of the particle decreases, and 
it was early suggested that much or all of the mass of the electron 
might be of this electrical character. A detailed calculation shows 
( Recent Researches, p. 21) that the electrical mass is not constant 
but increases with the velocity, or put in another way, that the 
energy of the magnetic field increases more rapidly than the 
square of the velocity, but this effect is only appreciable when the 
velocity is a considerable fraction of that of light. Since it is 
possible to obtain ft particles from radioactive substances with 
velocities up to within a few per cent, of that of light, measure- 
ments of their ejm should show a marked variation with velocity, 
and the law of variation thus found could be compared with 
theory. Actually several laws were arrived at on theoretical 
grounds corresponding to different assumptions as to the be- 
haviour of the electron in motion, but all agreeing in that the mass 
increases indefinitely for velocities very near that of light and is 
practically constant for velocities less than a few per cent, of this. 
The two formulae which received most support were that due 
to Abraham 



where is the mass for slow speeds and ft is the ratio of the 
velocity to that of light, and that due to Lorentz 



the former being obtained on the assumption that the electron 
behaves as a rigid sphere, and the latter supposing that a con- 
traction occurs in the direction of motion in the ratio Vl — ft * : 1. 
If only part of the mass is electrical then, on these theories, a 
constant term would have to be added to represent the non- 
electrical mass. The first experiments were made by Ka ufmann x - 


x Kaufmann, Gottingen Nach . Nov. 8, 1901 
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70*3. The method used by Kaufmann is illustrated in Fig. 64. 

A small piece of radium was placed at C in a vessel from 
which the air was extracted, the radiations from the radium passed 
through a strong electric field in the space between the parallel 
plates P x> P B which were -1525 cm. apart and maintained at a 
potential difference of 6750 volts, they then passed through a 
small hole D in a diaphragm and then on to a photographic 
plate JS, during the whole of their journey from C to E the rays 
were under the influence of a magnetio field produced by the 



Fig. 64. 


electromagnet NS; the deflection due to the magnetic field was 
at right angles to that due to the electric. If the electric and 
magnetic fields were not in action all the rays from the radium 
would strike the photographic plate at the same point; when 
however the rays are exposed to the electric and magnetic fields 
the deflection will depend upon the velocity, so that the rays of 
different velocities will now strike the plate at different points 
and the impression produced by the radium on a plate will be a 
curved line ; by meas uring the photograph the deflection due to the 
magnetic field and also that due to the electric field can be found, 
and from these deflections (see p. 235) the values of v the velocity 
of the particles and the corresponding values of e/m can be found. 
FLaufznann found that when his plates were exposed for several 

17-3 
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days lie got a clearly defined curve from which he deduced the 
following values of e/m and v. 


v x 10“" 10 

e/mx 10“ 7 

2*83 

•63 - 

2 72 

*77 

2-59 

•975 

2-48 

1*17 

2-36 

1*31 


These experiments were not sufficiently accurate to distinguish 
with certainty between the various formulae proposed, but they 
show a very marked change of ejm with velocity, and are con- 
sistent with the view that all the mass is electrical. More careful 
experiments led Kaufmann to the conclusion that the formula of 
ATvrg.hfl.Tn was more nearly correct than that of Lorentz. 

70*4. [Further experiments were made by Bestelmeyer 1 and 
by Bucherer 2 . These experimenters used very similar methods 
which were based on the principle described in § 59, namely de- 
termining the velocity by arranging electric and magnetic fields 
so that their deflections just cancelled and then finding e/m from 
the ma gne tic deflection alone. Bestelmeyer used electrons caused 
by X-rays falling on a platinum plate ; these did not give a large 
enongb range of velocities to enable a discrimination between the 
f ormula e to be made with certainty. Bucherer used jS-rays from 
radium fluoride. TTia arrangement was as follows. The source 
of rays was placed in the centre of a parallel plate condenser 
formed of two circular silvered glass plates of 8 cm. diameter, 
optically flat and 0-25 mm. apart. The lines of magnetic force 
were parallel to the plates. Suppose a ray to start at an angle 9 
to H and in the plane of the plates. The electrostatic and magnetic 
deflections will balance, and so allow the ray to escape from the 
condenser if 

eX = ev 0 H sin 9 or v 0 = XjH sin 6. 

Thus for every direction 9 there will theoretically be only one 
velocity of ray which can escape. In practice of course there will 

1 Bestelmeyer, Ann. der PTiys. xxiL p. 429, 1907, 

2 Bucherer, Ann . der Phys. xsrmi. p, 513, 1909. 
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be a finite pencil owing to tbe condenser planes not being in- 
finitely close. After the rays have left the condenser they are 
acted on by the magnetic field only, and the deflection measured 
by allowing them to strike the sensitive surface of a photographic 
film bent into a cylinder, coaxial with the condenser. If 2 be the 
deflection and a the distance between the film and the edge of 
the condenser, 

e _ v 0 (q a + g a ) _ X (o a + g 8 ) 
m — 2 H sin d.z ~~ 2H 2 sm a 6 .z' 

By reversing X and H a double trace is formed on the film (Fig. 65) ; 
each pair of points can be used to find e/m for rays of a known 
velocity. Bucherer however used chiefly the most deflected rays 
for which 6 = tt/2 and adjusted the velocity by altering the fields. 



rig. 65. 


In all these and the subsequent experiments the whole apparatus 
was exhausted to a high vacuum. Bucherer found very definitely 
better agreement with the Lorentz than with the Abraham for- 
mula. In these experiments vjc varied from *379 to *678. Wolz 1 
modified the method so as to get an accurate absolute value of 
ejm. For this the correction due to the stray field at the edge of 
the condenser is appreciable, though it is unimportant in deter- 
mining the variation of ejm with velocity. He found this experi- 
mentally by making experiments with the plate at different 
distances from the condenser. His results agreed well with the 
Lorentz formula. 

The absolute value, corrected by Neumann for an error in 
measurement, was ejm^ = 1*7706 x 10’, where is the mass of 
the electron for small velocities. Neumann 2 made an extremely 
careful series of measurements, using the same method, and in 
part, tbe same apparatus. He found full agreement with the 

z Wolz, Ann. der Phya xxx p. 273, 1909. 

2 Neumann, Ann. der Phya. xlv. p. 529, 1914. See also Schaefer, Awn. der Phya. 
adiz. p. 934, 1916. 
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Lorentz formula except at the highest velocities (/3 = 0*8) where 
the lines on. the plate became broad, and the measurements less 
exact, probably owing to the finite range of velocity in the pencil 
used which becomes more serious when the mass is varying rapidly 
with velocity. Hupka 1 has also found agreement with the Lorentz 
formula, nsi^g the method of §64. The results of the former 
observers are shown plotted in Fig. 66, taken from Cunningham’s 

Relativity and the Electron Theory , p. 67. This shows — -~= ==. 

plotted against /8, so that the points should he on a line parallel 
to the a.-*™ if the Lorentz formula is true, and it will be seen that 
they do so within the errors of experiment. 

70*5. This result might be supposed to prove that the whole 
-magg of the electron is electrical. If this is so, and the electron is 
assumed spherical, its radius a can be found from the equation 
m 0 = §e 2 /a ( see ^' ecent Researches, p. 21). 

Einstein has shown that to conform with the principles of 
Relativity mass must vary with the velocity according to the 

law moj \J 1 — This is a test imposed by Relativity on any 

theory of mass. We see that it is satisfied by the conception that 
the whole of the mass is electrical in origin, and this conception is 
the only one yet advanced which gives a physical explanation of 
the dependence of mass on velocity. Using the value of e found 
by the methods explained in the next chapter, namely 
4*77 x 10~ 10 E.s.tr. or 1-59 x 10~ 20 e.m.tt. 
and e/m 0 = 1*765 x 10 7 , 

the value of a is 1*87 x 10 -18 cm. 

An electron might cease to act in this way at a much greater 
distance if instead of being a spherical mass of negative electricity 
it had a structure represented by variations in the density of the 
electricity, varying periodically with the distance from the centre, 
the total charge being equal to — e. 

70*6. It may be convenient to summarise in a table the results 
of the measurements of ejm made by different observers, and with 
ions produced in different ways. In the upper part of the table 
I Hupka, Ann. der Phye. xxxi. p. 169, 1910. 
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axe given some of the older measurements of historical interest, 
and below some of the best of the modem ones, the last two being 
typical of the optical determinations. 


Table of Values of e/m. 


Source of Ions 

Observer 

Date 

Method of Determination 

Value of ejm 

vxlO- 9 

Cathode rays 

J. J.Thomson 

1897 

Magnetic and electrostatic 
deflection 

7 7 x 10 s 

2-2-3 6 


J. J.Thomson 

1897 

Magnetic deflection and 

1 17 x 10 7 

24-32 



heating effect 

1*86 x 10 7 



Kaufmann 

1897-8 

Magnetic deflection and 



Simon 

1899 

potential difference 
Magnetic deflection and 

1 865 x 10 7 


» 

potential difference 
Magnetic deflection and 
velocity of ions 



» 

Wiechert 

1899 

1-01 x 10 7 - 
1-55 x 10 7 



Seitz 

1901 

Magnetic and electrostatic 

6 45 x 10® 

7*03 


1902 

deflection 

Magnetic and electrostatic 

1-87 x 10 7 

5*7-7 5 

Seitz 



deflection, heating effect 
and potential difference 

1 8 x 10 7 

10 



Becker 

1905 

Magnetic deflection and re- 




tardation in electric field 

6 39 x 10« 


Lenard rays 

Lenard 

1898 

Magnetic and electrostatic 




deflection 



Ultra-violet 

J. J.Thomson 

1899 

Retardation of discharge 

7 6 x 10 6 


light 



by magnetic field 

1*15 x 10 7 



Lenard 

1900 

Magnetic deflection and 





potential difference 

8 7 x 10® 


Incandescent 

J. J.Thomson 

1899 

Retardation of discharge 


metals 



by magnetic field 

10 7 approxi- 

2 x 10 19 

Radium 

Becquerel 

1900 

Magnetic and electrostatic 



deflection 

mately 


Radium 

Kaufmann 

1901-2 

Magnetic and electrostatic 

1*77 x 10 7 





deflection 



X-rays 

Bestelmeyer 

1907 

Magnetic and electrostatic 
deflection (crossed fields) 
Magnetic deflection and 

1 72 x 10 7 

6 x 10 9 

Incandescent 

Bestelmeyer 

1911 

1 767 x 10 7 

9 7x10® 

1 7xl0 9 

oxide 


potential difference 
Magnetic deflection and 



» 

Classen 

1907 

1*775 x 10 7 

2 x 10 9 

4 x 10 9 

potential difference 
Magnetic deflection and 

Ultra-violet 

Alberti 

1912 

1-756 x 10 7 

7 x 10 9 

light 

Radium 



potential difference 
Magnetic and electrostatic 

1*766 x 10 7 

8*5 x 10 9 

Bucherer 

1909 

1-763 x 10 7 

1-1 x 10 l ° 




deflection (crossed fields) 


2 x 10 10 

»9 

Wolz 

1909 

Magnetic and electrostatic 

*1*7706 x 10 7 

1-2 x 10 10 




deflection (crossed fields) 


2 1 x 10 10 

99 

Neumann 

1914 

Magnetic and electrostatic 

1-765 x 10 7 

1-2 x 10 10 


Portrat 


deflection (crossed fields) 


2-4 x 10 10 

— 

1912 

Zeeman effect 

1-7636 x 10 7 

— 

— — 

Paschen 

1916 

Bohr’s theory 

1*7649 x 10 7 

— 


The values of e/m in the lower half of the table are corrected to zero velocity, 
i Corrected by Neumann. 
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Taking as the most probable value e/w 0 = 1-766 x 10 7 and as 
the value of ejm for hydrogen ions in electrolysis 9570-6 we find 
for the ratio of the mass of an electron to that of a hydrogen atom 
1 : 1844. 

It is to be noted that these large values of e/m for gases only 
occur when the pressure of the gas is very low, when in fact there 
is very little gas for the ion to get entangled with; when the 
pressure of the gas is high, the ion seems to act as a nucleus 
round which the molecules of the gas collect; the ion thus gets 
loaded up, and the ratio of e/m is very small compared with 
its value at lower pressures. 

Value of ejm for the Positive Ions. 

71. The first determination of the value of e/m for the positive 
ions was made by W. Wien 1 . The positive ions he used were 
those which occur in what are known as ‘ canal-strahlen.’ If an 



Fig 07. 


electric discharge passes between an anode and a cathode per- 
forated with a n um ber of holes, then behind the cathode, i.e. on 
the side of the cathode opposite to the anode, pe ncils of light are 
seen to penetrate through the holes as in IPig. 67 2 , producing 
phosphorescence when they strike the glass. These rays — the 
canal-strahlen — have been shown by Wien to consist of positively 
charged ions. He exposed, a long pencil of these rays coming 
through a perforated iron cathode to both an electrostatic and 
a magnetic field, and measured the corresponding deflections; 

x W Wien, Wired. Ann. Ixv. p. 440, 1898. 

2 Wehnelt, W*ed. Ann. lxvu. p. 421, 1899. 



266 DETERMINATION OE THE RATIO OE THE CHARGE [71 

from these he deduced by the method described in § 60, the values 
of ejm and v, and found 

v = 3-6 x 10 7 cm./sec., while ejm — 300. 

The e canal-strahlen 5 or positive rays are only deflected with 
great difficulty, and it is necessary to use very strong fields; tlna 
increases the difficulty of the investigation; in Wien’s experiments 
the strength of the magnetic field was 3250. It will be seen that 
the velocity of the positive ions is very much smaller than tha t 
of any of the cathode rays hitherto measured, while the value of 
ejm is of an entirely different order, being only about 1/30000 of 
the value for the negative ion; moreover the value of ejm for the 
positive ions in the gas is of the same order of magnitude as the 
value of ejm in the ordinary electrolysis of solutions. Thus if m 
were the mass of the atom of iron, e the charge carried by an atom 
of hydrogen, ejm is about 200, or since iron is divalent the value 
of ejm for the ion in the electrolysis of solutions is about 400. 

In some later experiments Wien 1 has measured the value of 
ejm for the ‘canal-strahlen’ in tubes filled with different gases; he 
found that the most deflectible rays gave values for e/m of the 
order 10 4 , i e. the value for the hydrogen atom, not only when the 
tube was filled with hydrogen but also when it was filled with 
other gases very carefully prepared: the phosphorescence due to 
the most deflectible rays was however much greater in hydrogen 
than in air or oxygen. We shall see that a metallic cathode emits 
hydrogen with great persistency, so that it is practically impossible 
to prepare a tube which does not contain hydrogen near the 
cathode. Along with these deflectible rays Wien found others 
with a much smaller ejm. 

71*1. In Wien’s experiments there was apparently a continuous 
variation of e/m. This is now known to be due to the fact that 
the positive rays, unlike cathode rays, do not retain their charge 
unaltered in their passage through the residual gas of the tube, 
but are often neutralised by collision with a gas molecule while 
retaining their speed and ability to affect the phosphorescent 
screen.. If the neutralisation occurs while the particle is in the 
deflecting fields it will experience only a fraction of the proper 

I Wien, Ann. der Phys viii. p 241, 1902. 
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deflection, and so will give a low value of e/m. To obviate this 
it is necessary to work at very low pressures, a few thousandths 
of a millimetre at most, and preferably less. A series of experi- 
ments on these lines has been made by one of the authors. The 
form of apparatus finally adopted is shown in Fig. 68. Instead 
of a fluorescent screen, a photographic plate is used to detect the 



Pig. 68. 


rays. As they have slight penetrating power it is advisable to 
use plates in which the silver bromide is concentrated in a thin 
layer. Such a plate is the Paget Process plate. 

The discharge takes place in a large glass flask A : a volume 
of from one to two litres is a convenient size for this purpose. 
The cathode C is placed in the neck of the flask. The position 
of the front of the cathode has a very considerable influence on 
the brightness of the positive rays and ought to be carefully 



Pig. 69. 

attended to. The best position seems to be when the front of 
the cathode is flush with the prolongation of the wider portion of 
the flask. The shape of the cathode is represented in section in 
Fig. 69: the face is made of aluminium, the other portion is 
soft iron. A hole is bored right through the cathode to a dmit 
the fine tube through which the positive rays are to pass. Care 
should be taken to bore this hole so that its axis is the axis of 
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symmetry of the cathode. The tube through which the positive 
rays pass is fastened into the cathode in the way shown in Fig. 69. 

The bore of this tube will vary with the object of the experi- 
ment. If very accurate measurements are required, the diameter 
of the tube must be reduced to -1 m m . or less. With these very 
fine tubes, however, very long exposures (1J to 2 hours) are 
necessary. The l eng th of the tube is about 7 cm. The tubes 
are prepared by drawing out very fine bore copper tubing until 
the bore is reduced to the desired size. The tube is straightened 
by rolling it between two plane surfaces, and great care must be 
taken to get the tube accurately straight, as the most frequent 
cause of dimness m the positive rays is the crookedness of the tube. 
After long use the end of the tube nearest the discharge tube gets 
pulverised by the impact of the positive rays, and the metallic 
dust sometimes silts up the tube and prevents the rays getting 
through. The cathode is fastened in the glass vessel by a little 
sealing-wax, and a similar joint unites it to the ebonite box, UV. 
To keep the joints cool and prevent any vapour coming from the 
wax, the joints are surrounded by a water jacket J through which 
a stream of cold water circulates. 

The electric field is produced between the faces of L and M 
which are pieces of soft iron with plane faces. These are fitted 
into the ebonite box Z7F so that their faces are parallel : the distance 
between the faces should be small compared with their lengths. 
In many of the experiments the length of the faces was 3 cm. 
and their distance apart 1-5 mm. Their faces are connected with 
the terminals of a battery of small storage cells: in this way any 
required difference of potential can be maintained between them. 

These pieces of soft iron practically form the poles of an 
electromagnet, for the poles of the electromagnet P and Q are 
made of soft iron of the same cross-section as L, M ; they fit into 
indentations in the outside of the ebonite box and are only 
separated from the pieces L, M by the thin flat pieces of ebonite 
which form the walls of the box. This arrangement makes the 
magnetic field as nearly coter min ous as possible with the electric, 
which is desirable in several of the experiments. A light-tight 
vessel P 40 cm. long is fastened by wax to the ebonite box while 
the other end is fixed to the apparatus which contains the photo- 
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graphic plate. One form of this, designed by Mr Aston, is repre- 
sented in Fig. 70. The photographic plate is suspended by a 
silk thread 'wound round a tap T which fits mto a ground glass 
joint; by turning the tap the 
thread can be rolled or un- 
rolled and the plate lifted up 
or let down. The plate slides 
in a vertical box B made of 
thin metal; this is light-tight 
except at the openings A 
which are placed so that the 
positive rays can pass through 
them. The openings are on 
both sides of the box and 
about 5 cm. in diameter. 

When the silk thread is wound 
up the strip DEFG of photo- 
graphic plate in the box is 
above the opening A, so that 

there is a free way for the j-|— ^ 

rays to pass through A and 
fall on a willemite screen 
behind it. This screen is not 
used for purposes of measure- 
ment, but only to see before 
taking the photograph that 
the tube is giving an adequate 
supply of positive rays. The 
box is sufficiently large to 
hold a film long enough for 
two or more photographs; if 
it is wished to take two photo- 
graphs, the plate is lowered 
until the bottom half comes 
opposite to the opening A, 


A 



Kg. 70. 


a photograph is taken in this position, the plate is then let 
down still further until the top half of the plate comes opposite 
to the opening, then a second photograph is taken. This plait 
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is convenient because the deflections of the different kinds of 
positive rays differ so much that it is difficult to measure them 
accurately when they are all on one plate. For example the 
magnetic deflection of the hydrogen atom is about fourteen times 
that of the mercury one; thus if the deflection of the hydrogen 
atom is wi thin the limits of the plate, that of the mercury atom 
would be too small to measure accurately. When we can take 
two photographs, however, without opening the tube, we may 
take one with a small magnetic field to get the deflection of the 
hydrogen atom, and the second with a much larger one to get 
the deflection of the mercury one. 



mg. 71. 


Two tubes conta ining coco-nut charcoal are fused to this part 
of the apparatus; by immersing these in liquid air the pressure 
can be made exceedingly small. As the only communication 
between this part of the apparatus and that through which the 
discharge passes is through the long and very narrow tube in the 
cathode, it is possible to have the pressure on the camera side of 
the apparatus very much less than the pressure on the side through 
which the discharge is passing. 

A Gaede pump worked by a motor is connected with the 
discharge tube, and keeps the pressure in this part of the apparatus 
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at a suitable value. Wlten the rays in some particular gas are 
under examination a constant stream of this gas is kept flowing 
through the discharge tube. The gas is stored in the vessel A, 
Fig. 71, over a column of mercury (not shown): this vessel is 
connected with the discharge tube by the system TBC, where BC is 
an exceedingly fine capillary tube. When the tap T is turned the 
gas has to pass through this capillary: it does so exceedingly 
slowly. The rate can be adjusted by raising or lowering a mer cury 
reservoir connected with A , this is held in such a position that 



when the Gaede pump is in action the pressure in the discharge 
tube is such as to give well developed positive rays. To screen ofi 
the magnetic field due to the electromagnet, thick iron plates 
V, W, Fig. 68, are placed round the neck of the tube. 

The curves on the photographic plates made by the positive 
particles are measured by the apparatus represented in Fig. 72, 
The photographic plate is damped in a holder A, and the position 
of any point on it is determined by moving the carrier G nnt.iT 
the tip of the needle comes just over the point in question. 
The carrier G has two movements, one parallel to the base BB, 
and the other, by means of the screw 8, at right angles to this 
direction, the position of the point is read off on the two verniers. 
The plate is placed in the holder so that the direction of the 
magnetic deflection is parallel, and that of the electrostatic de- 
flection at right angles, to BB. 
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71*2. The theory follows at once from equations (1) and (2) of 
§ 59. If 2 is the magnetic deflection and y the electric, we have 

— -i j l— i.— — > ■*> 


- 4C [M dx =^* aiy - »JT [JI r<fe ] * - 

where A and B can be calculated and are the same for all 


Be 
v % m * 


Hence 

2 v.A j z 8 A 2 e 
and y - B . m , 

from which it follows that all rays with the same velocity lie on 
a straight line through the spot formed by the uncharged rays 
which are always present, and that all rays with the same ejm 
lie on a parabola with this spot as vertex. If a ray is only charged 
during a fraction of its path in the field one or both of the de- 
flections will be smaller. In the particular case when the fields 
coincide in position, as is approximately the case with the above 
arrangement, the deflections are reduced in proportion and the 
ray lies somewhere on the line joining the origin to the point where 
the ray would have been if it had retained its charge. 

Photographs obtained in this way are shown in Plate I. 
Those taken at low pressures (-001 mm. or less) show only a series 
of parabolic arcs, each of which by the above theory corresponds 
to a definite value of e/m. The outermost parabola (Pig. 1) is found 
to have a value of e/m corresponding accurately with that found 
for the hydrogen atom in electrolysis, i.e. 9571 in e.m.tt. per gm. 
In most of the measurements that have been made this parabola 
is taken as standard and ejm determined for the others by com- 
parison with it. In addition to this there is almost always a 
parabola for which e/m is J the above -and others for which it 
is fa, fa and fa. These are interpreted as being due re- 
spectively to a molecule of hydrogen, an atom of carbon, one of 
oxygen, and molecules of CO and C0 2 in each case with the same 
unit charge, the ratios being in agreement with the usual atomic 
and molecular weights. These parabolas occur whatever gas is 
in the discharge tube unless very special precautions are taken 
to remove them, for example by passing a stream of oxygen 
through the discharge tube for some hours it is possible to obtain 
a photograph on which the hydrogen parabolas are almost or quite 
invisible. They return however if the photograph is taken after 



PLATE I 



Fig 3* 

In Figs. 2 and 3^ the symmetry is the result of talcing two photographs with 

opposite magnetic fields. 
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the stream of oxygen has stopped. These so-called ‘residual' 
gases are largely derived from the metal electrodes which seclude 
large quantities of gas, especially hydrogen, but no doubt the 
vapour of tap grease is also responsible for a good deal. 

Besides these common constituents, parabolas are found with 
values of e/m corresponding to almost any gas introduced into the 
tube. Thus parabolas* are known due to all the inert gases, to 
chlorine and bromine, water, numerous organic and sulphur com- 
pounds and mercury. This last is extremely strong if, as is usually 
the case, a mercury pump is used for the exhaustion of the discharge 
tube. In most cases any one constituent will give rise to several 
parabolas. This happens m two ways. If the gas is molecular 
we find a parabola corresponding to a molecule of the gas with 
the charge of a hydrogen atom, and in addition others corre- 
sponding to similarly charged atoms or portions of the molecule. 
Thus chlorine gives Cla+ and 01+ , while methane gives CH 4 +, 
CH 3+ , CH 2 +, CH+ and C+, besides of course a strong hydrogen 
parabola. Numerous other instances might be given, the general 
rule being that any imaginable decomposition product will occur 
irrespective of whether it obeys the rules of chemical valency, 
though there are some exceptions to this. It must be remembered 
that these decomposition products can only be proved to exist 
for the very short time which it takes for a ray to travel down 
the tube, which is usually less than a millionth of a second, and 
then only in the form of charged ions. 

On the other hand if the gas is atomic we find, besides a parabola 
representing the atom with the unit charge, others with twice, 
three times or more the value of e/m. These are interpreted as 
being caused by atoms which have lost more than one electron. 
Such parabolas are found for all elements which occur in the rays 
with the exception of hydrogen and, possibly, of helium. The 
maximum n umb er of charges which an element can receive seems 
to depend chiefly on its atomic weight, not on its chemical valency. 
Thus neon, nitrogen, oxygen, carbon, occur with two or, rarely, 
three. Argon has three, krypton four or five, while mercury can 
apparently have as many as eight. In all cases the multiple 
charged parabolas are fainter than the singly charged, and generally 
the more the charges the faint er the parabola. Molecular rays 
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very rarely are found with, more than one charge, but CO with 
two charges has been observed. 


The existence of multiple charges explains a difference which 
may be noticed between the different parabolas. While most of 
them are bounded by an imaginary straight line perpendicular to 
the electric deflection, a few, and notably that due to mercury, 
extend beyond. Now suppose that the potential difference be- 
tween the furthest point at which rays are formed and the cathode 
is V, then if the ray has n positive charges each of amount e, its 

greatest possible energy is given by neV = But y = j 

where pe is the charge retained in the deflecting fields, therefore 

the minimum value of y is For the parabolas for which 

n — p this will be constant, but if n = 2, for example, and p = 1 
the parabola will come twice as near the z axis. Thus if a ray 
starts with a double charge and loses one charge in the fine tube, 
it will have energy corresponding to n = 2, but the normal ejm 
and the parabola corresponding to the singly charged atom will 
show an extension or ‘tail’ as it is called. This is often a valuable 
indication that a given parabola is due to an element and not to 
a compound. 


Besides the positively charged particles some of the rays, as 
first observed by Wien, show deflections in the opposite direction 
showing that they have acquired a negative charge. Thcpe 
negative parabolas can be seen on Fig. 3, Plate X. They imply 
that a ray has first lost its positive charge to a molecule of the 
gas and simultaneously or in a later encounter acquired a negative 
one. Only some kinds of rays do this, but it should be remembered 
that the conditions are not very favourable for it to happen. 
Thus nitrogen, mercury and the inert gases never appear with 
negative charges, on the other hand, atoms of hydrogen, carbon 
and oxygen with negative charges appear on most of the photo- 
graphs. In general, chemically electronegative elements appear 
with negative charges, chlorine for example being very strong on 
the negative side. Molecules seldom appear with negative char ges, 
but C a , 0 2 , OH and rarely Ha are known, indications of C 2 H have 
also been found. Beside the parabolas, experiments made at all 
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but the lowest pressures show other lines. Figs. 1 H 3, Plate I. 
These are called ‘secondaries ’ and are attributed to the loss or gain 
of charge by the rays during their passage through the fie ld s. Bv 
separating the electric and magnetio fields it can be shown that 
it is possible for a particle both to lose its original positive charge, 
and after being neutral to regain it. Many of these secondary 
lines are surprisingly fine, leading up to a single point on the mm™ 
parabola, showing that the rays which lose or gain their charge 
have predominantly a single velocity. For a further rh>wniaBi«> n 
of these secondaries see vol. ii. 

Measurements have also been made, using a Faraday cylinder 
placed behind a parabolic sht, instead of a photographic plate, to 
detect the rays. By altering the magnetio field the rays of 
different efm can be made to enter the Faraday cylinder in suc- 
cession, and their number found by measuring the rate of charge 
of an electrometer connected to the Faraday cylinder. Though 
less convenient to use, this method has the advantage that it 
gives a quantitative measure of the number of the rays of each 
kind. It is found that the photographic method greatly exaggerates 
the numerical importance of the hydrogen rays. Though the 
hydrogen lines are generally much the strongest on the plates, the 
electrical method shows that they are not really very numerous 
unless hydrogen has been deliberately put into the tube. 

The most important conclusion from the above experiments is 
that these charged atoms and molecules always have an exact 
multiple of the charge on a hydrogen atom, and that there is no 
evidence of the existence of any subdivision of this. In addition 
it gives very direct confirmation to the assumption of the chemist 
that the atom of an element is, in some cases at least, a definite 
thing and that its weight is not merely a statistical average. That 
there are numerous cases of exception was the third important 
discovery resulting from this method. It was found when neon 
was examined that besides a parabola for which ejm was ^ that 
for H + there was another fainter one for which it was -cfe. Since 
the atomic weight found from density measurements is 20*2, this 
suggested that neon was a mixture of two kinds of atoms of 
identical chemical properties, but with masses respectively 20 and 
22 times that of hydrogen. Such atoms were believed to exist 

x8-2 
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from radioactive considerations and had been named isotopes. 
The alternatives were that the second line was due to a compound 
NeHa or to C0 a with two charges, but both these were extremely 
unlikely. Dr Aston made several only partially successful attempts 
to separate the two isotopes by distillation or diffusion and so 
produce a measurable difference in density. To settle the question, 
he designed an apparatus by which e/m could be measured with 
sufficient accuracy to decide whether the mam line was 20-0 or 20-2. 

71*3. This apparatus, which Aston 1 calls the mass spectrograph, 
is shown in Fig. 73. The rays are produced in the discharge tube B 
about 20 cm. in diameter and pass through two fine al uminium 
slits S x , S z , each about *05 mm. x 2 mm., and arranged accurately 



parallel. The rays then pass between the plates J x , J % of a con- 
denser by which they are deflected downwards, and a fairly narrow 
pencil allowed to pass through a diaphragm (not shown) near L. 
They then pass through a magnetic field perpendicular to the 
plane of the paper at M arranged so as to give an upward deflection 
which more than overcomes the downward deflection to the electric 
field. The rays pass between two earthed plates Z to protect 
them from stray electric fields and strike the underside of the 
photographic plate W, which can be moved by means of a rod 
operated through the ground glass joint V, so that when a photo- 
graph is not being taken, it lies above the plane of the paper and 
out of the track of the rays. Y is a willemite screen on which 
the rays can be thrown to estimate their brightness. It is looked 
at through the window P. A. fine beam of light can be thrown 
on to the plate by a light at T so as to produce a fiducial spot 


I See Aston, Isotopes (Arnold). 
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from -which measurements can be made. One great advantage 
of this method is that it permits of a focusing of the rays. The 
theory in its simplest form is as follows. In Fig. 74, S X S^Z repre- 
sents the path of the rays before deviation; after deviation by 
the electric field they can be regarded, to a first approximation, as 
diverging from the pomt Z m the middle of the condenser. Call 
the angle of deviation 6 and suppose that a small pencil of angular 
width 89 is selected by the diaphragm D. These rays axe bent 



again by the magnetic field, which for simplicity we will regard 
as concentrated at the pomt O. Let the angle of deviation here 
be <f>. Now 

0 = — 2 , <f> 
mu 2 r 

for small angles. Hence 


Ae 
mm : 


and 


89 28v 

1 + 

§£+ ^ = 0 
d> V 


for a pencil of rays of the same ejm m Thus 

86 28 <j> 

~9 = ~^T' 

Thejfocusing effect follows from this. Let ZO = b, then the width 
of the pencil at O is bS6, the width at a distance r further on will be 

6 89 -hr (89 + 8<j>) = 89 + r (l + Is)] • 
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Now the angles 9 and </> are in opposite directions, so ef>/28 is 
negative; write it — cf>/28' . Then if <f> > 2 9' the width will vanish 
when r is given by 


r (4> — 29') = b.28', 


a.nrl at fhifl point the rays will come to a focus to the first order. 
The position of this focus for rays of different e/m and hence 
different <f> (8 being supposed kept constant) can be found by the 
following construction. Draw rectangular axes OX, OY so that 
the angle between OX and the direction ZO of the rays is 26. 
Then the coordinates of the focus are 

r cos {</> — 29'), r sin (<f> — 29 ') , 

the latter is equal to r (</> — 28') correct to squares of the angles, 
and fhia by the above is 260', a constant. Hence the points of 
focus will lie on a line parallel to OX and a flat plate placed here 
will receive all the rays in focus. In the actual apparatus the 
magnetic field occupies a considerable area, being formed by 
circular pole pieces of 8 cm. diameter. A detailed investigation 
shows that this extra complication has little effect on the above 
result. It can also be shown that the scale of m/e as measured 
along the plate is approximately linear near the point for which 
<f> — 46'. The use of slits instead of a tube, and the above focusing 
effect both increase the intensity for the same separating power, 
or conversely increase the separating power for lines of nearly 
equal e/m without decreasing the intensity. 


71*4. In the use of the instrument no attempt was made to 
determine e/m absolutely, the process was one of comparison with 
known reference lines. By putting gases in the tube whose behaviour 
in the parabola apparatus was known, no difficulty was found 
in identifying a number of lines, such for instance as C ++ , 0 ++ , 
C + , 0 + , C0 + , and the group CH + , CHa + , CH 34 , CH 4+ , formed 
from methane. In this way a calibration curve could be drawn 
up showing the connection between mass and distance from the 
fiducial point. But suppose the fields changed. The magnetic 
deflection will be unaltered for a ray for which mv/e changes in 
the same proportion as H , hence the mass which comes to the 

position formerly occupied by m is m' = , where H'/H 

measures the ratio of the magnetic field at any point of the path. 
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assuming that the distribution of the magnetic field Tia« not 
changed. Now the electric deflection is inversely proportional to 
mv a je, hence 

v a m’ V 

v' a ~m' V 7 ’ 


where V, V' are the old and new potentials across the condenser. 


Hence 


m/__ V zn 
m V' ’ H a * 


This is accurately true for variation of the magnetic field, only if 
it changes in the same ratio at all points; this is not strictly the 
case if the permeability of the magnet varies, though a good 
approximation in practice. Hence by changing V or H, but pre- 
ferably the former, the same lines appear in new positions, but 
the ratio of the masses to those which would have occupied the 
same positions if they had been present in the first photograph, is 
the same for all points of the scale. This ratio can be found 
approximately in each case from the rough calibration curve, and 
a more accurate value found by taking the mean, or if IF has been 
altered, it can be calculated from the ratio F : ~V' . In either case 
fresh points can be fixed on the calibration curve which can thus 
be built up, a process facilitated by the fact that the scale is not 
far from linear in m. While this process of calibration is the most 
convenient for finding the approximate value of ejm with amply 
sufficient accuracy to identify lines, a more accurate method when 
two lines are to be compared which do not diff er by more than 
about 3 : 1 is to use the above equation for m' jrn directly. Thus 
to compare carbon (12) with oxygen (16) it is sufficient to take 
two photographs, one with 320 volts on the condenser, the other 
with 240. If the ratio of the masses is exactly 12 16, the carbon 
line with 320 volts should come to the same place as the oxygen 
line with 240 volts, as is actually found to be the case. If the 
coincidence were not exact the difference could readily be found 
from even a rough knowledge of the calibration curve. This 
method however assumes that the magnetic field has been kept 
accurately constant. 

A modification of this procedure, known as the method of 
‘bracketing/ has been used by Aston in most of his later work. 
Consider, for example, the comparison of two lines nearly in the 
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ratio of 1 : 2, such as, for example, H and H 2 or H a and He. Instead 
of exactly doubling the field, three exposures are taken on the same 
plate with potentials V, 2 V + h and 2 V — h, where h is a small 
quantity. If the ratio is exactly 1 : 2, the heavier line will lie 
symmetrically between two of the lines due to the lighter system, 
and any deviation from the ratio can be readily detected as an 
asymmetry, and found with sufficient accuracy from a knowledge 
of the calibration curve. In his later work Aston has overcome 
the error due to a possible change in the magnetic field by nai'ng 
a commutator to change the potentials from one to another 
many times during the exposure, so that all three lines are formed 
almost simultaneously, and the only effect of a change in the 
magnetic field is to broaden them all equally. 

71*5. The first result obtained by the mass spectrograph was 
to show conclusively that the two neon Imes were 20*0 and 22*0, 
taking oxygen as 16*00 which, together with the observed density 
of 20*2, proved that neon was a mixture of two isotopes. Further 
work showed that many elements were in the same position. Thus 
chlorine consists of a mixture of atoms of weight 35 and 37, 
brom i ne of 79 and 81, argon of 36 and 40, krypton of 78, 80, 82, 
83, 84 and 86, while xenon has nine kinds of atoms of weight 
124, 126, 128, 129, 130, 131, 132, 134 and 136. In addition the 
very important result was obtained that all these weights were 
integral, taking O = 16*00, to one or two parts in a thousand. 
This remarkable fact throws a flood of light on atomic constitution. 

The parabola method had shown that hydrogen, alone among 
the elements, never is found with a double charge, ma.lnng it 
extremely probable that its atom contained only one electron, an 
idea further supported by the measurements of X-ray scattering. 
Further, the positively charged hydrogen atom, the hydrogen atom 
deprived of its one electron, is the lightest separate system known, 
next to the electron. It was natural to suppose that the positive 
charge required to neutralise the numerous electrons of more 
complicated atoms was also built of units, and the only possible 
unit for whose existence there was any independent evidence was 
this positively charged hydrogen atom, for which Rutherford has 
suggested the name of ‘proton.’ Aston’s result was a brilliant 
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confirmation of this view, and makes it extremely probable that 
atoms can be regarded, as composed, as far at least as their mass 
is concerned, merely of the two constituents, electrons and protons, 
in equal numbers. But there is one serious objection which a few 
years ago would probably have been sufficient to wreck the theory. 
The hydrogen atom itself does not conform. The whole-number 
law, in fact, holds if oxygen is taken as 16*00 ; on this basis chemical 
measurements gave hydrogen as about 1*008. This difference 
•mig ht at first sight have been accounted for if hydrogen itself had 
two isotopes 1 and 2 or 3. Actually there is no evidence for this, 
and anyhow it would not solve the difficulty , for Aston’s measure- 
ments showed conclusively, by comparing hydrogen with helium, 
and helium with doubly charged oxygen, that the ratio between 
hydrogen and oxygen is not integral. His most recent work gives 
for hydrogen 1*00778, in good agreement with the results obtained 
chemically and from density measurements. It would thus appear 
necessary to suppose that if the other elements are built up of 
protons and electrons there is a loss of mass in the process, of the 
same percentage amount in all cases. The conception of electrical 
mass here comes to the rescue. The mass of a conductor carrying 
a charge depends on its capacity, and if two conductors with 
charges of opposite sign are brought close together the electric 
mass of the whole is less than the sum of the separate masses. 
We have only to suppose that some of the electrons come very 
near the protons in the complex atoms for the electrical mass to 
be reduced below the sum of its components. A similar result 
follows from the principle of relativity, from which it can be 
shown that the mass m and total energy E of a system are con- 
nected by the relation E — mo a , where c is the velocity of light. 
Thus if the combination of hydrogen atoms to form a complex 
atom is associated with sufficient loss of energy, the loss of mass 
will be explained. That very dose packing of some of the con- 
stituents of complex atoms occurs is almost certain. Rutherford’s 
experiments on the scattering of a particles, and Moseley* s on the 
wave-lengths of characteristic X-rays, afford very strong evidence 
that most of the mas s of an atom is concentrated in a small region 
or nucleus, and that this nucleus bears a positive charge As, 
where e is the charge on the electron and N an integer called the 
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atomic number which, with a few exceptions, is the number of 
the places the element occupies in the hst of elements arranged in 
order of atomic weight. If Z is the atomic weight, then on the 
above view the atom contains Z protons and Z electrons. If all 
the massive protons are in the nucleus, then since, except for 
hydrogen, Z is always greater than N, there must be associated 
with thftm in the nucleus a number of electrons Z — N, leaving 
the remaining N electrons for the rest of the atom. Since Ruther- 
ford finds that the size of the nucleus is of the order 10 -12 , and 
we have seen that the minimum diameter of the electron is 
3-7 x 10~ 13 , the packmg must be close, and it is easy to understand 
an appreciable loss of mass. 

71*6. Recently Aston 1 has made a very careful investigation of 
the slight divergencies from the whole-number rule which occur for 
the elements other than hydrogen and which had been suspected 
but not proved with the older apparatus. The chief instrumental 
difference is an increase in the intensity and length of the magnetic 
field; this is now 15 cm. long and fields up to 15,700 gauss are used, 
with currents well within the permissible values. This makes it 
possible to use larger angles of deflection, the electric deflection 
being now one-sixth of a radian, thus giving greater resolving 
power In addition finer slits are used, placed farther apart. 
The accuracy claimed is 1 in 10,000. The chief difficulty* in 
reaching a high accuracy was found to be in the electric field. 
At first the ‘bracketing’ method gave quite contradictory results, 
and this was eventually traced down to a polarisation of the 
plates of the condenser, by which the actual potential between 
them was different from that supplied from the very accurately 
adjusted battery of small accumulators. By gilding the condenser 
plates this effect was greatly reduced, but was still appreciable 
with the very high accuracy aimed at. Accordingly, a modifica- 
tion of the bracketing method was used, two potentials V 1} V z 
were applied alternately by means of the commutator, their ratio 
being chosen so as to be nearly, but not quite, in the ratio of the 
masses k to be compared, say x : a. This gives two lines close 
together whose distance apart can be measured and translated 


I Aston, Proc. Boy. Soc. cxv. p. 487, 1927. 
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into a mass-ratio from an approximate knowledge of the calibra- 
tion* If the potentials were known exactly their ratio multiplied 
by the above mass-ratio would give the required value of x . a. 
Owing to the polarisation effect the ratio VJV^ is not known with 
sufficient certainty, and Aston checks it by applying the same 
process with the same potentials to two other lines, whose exact 
ratio is known* For standard ratios, atoms which appear with 
double charges give 2 : 1, and it is assumed that the masses of 



O to ZO 30 4-0 So 

Mass Numbs* 

Pig. 75. 

chemical compounds are the sums of the masses of constituents. 
In these ways a series of ratios can be built up gradually, from 
which one can be found, in most cases, near enough to the value 
required to act as a suitable standard. In these accurate de- 
terminations allowance must be made for the mass of the electron 
whose loss renders the atom positively charged. 

Before giving Aston’s results mention should be made of some 
accurate determinations previously made by Costa I , using a mass 
spectrograph of his own design, of the ratios H : He : C, the ratio 


X Costa, Ann. der Phys. rv. p. 425, 1925. 
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of He to the Li-6 isotope, and that of Li-7 to nitrogen for •which 
the chemical value 14-008 was used. He claims an accuracy of 3 
in 10,000, and to this accuracy the first series is identical with 
Aston’s results. He also made a determination of the mass of 
nitrogen, finding fair agreement with the chemical value. The 
results for Li are included in the diagram of Aston’s results. 

Aston expresses the divergence from the whole-number rule 
by the difference from the nearest integer divided by the mass 
n.nd multiplied by 10,000. He calls this the packing fraction, 
reckoned positive in cases such as hydrogen where the mass is 
greater than the nearest unit. His results are shown in Figs. 
75, 76. The isotopes of odd and even atomic numbers behave 
differently among the light elements, or what is perhaps an easier 
way of expressing the result, the first three elements whose 
atomic weights are multiples of 4 (He, 0, O) lie off the curve given 
by the others. It had previously been suggested that the a particle 
(helium nucleus) is an intermediate unit in the structure of the 
nucleus of ordinary, as well as of radioactive elements, and the 
exceptional behaviour of these three elements slightly strengthens 
this view. 

71*7. It may at first seem remarkable that, for example, atoms 
of masses 35 and 37 should exist together in chlorine and its com- 
pounds without being separated by the ordinary chemical processes 
of crystallisation, distillation and the like. The explanation lies 
in the minute size assumed for the nucleus, which for the purpose 
of the rest of the atom is supposed to behave practically as a 
massive charged point. It is only the net charge that matters, 
and the addition, for example, of two protons and two electrons 
to the nucleus of chlorine 35 has no appreciable effect on the 
outer parts of the atom, and hence on its chemical and physical 
properties. The only exceptions are those properties in which the 
mass enters directly. Such is, for example, the diff usion of a gas 
through a narrow aperture, e.g. through pipeclay. Here what 
matters is the velocity of thermal agitation, and this, at a given 
temperature, is inversely as the square root of the molecular weight. 
Thus m diffusing a mixture of isotopes the lighter should diffuse 
the faster, and it is probable that Aston did actually cause a slight 
separation in neon by repeated use of this process. There are 
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serious technical diffi culties in ensuring adequate mixing, and the 
labour in producing any considerable separation is enormous, but 
Harkins 1 working on HC1 succeeded m producing a separation 
into two gases whose densities indicated a change of -056 unit in 
atomic weight. It will be seen that even this is a very long way 
from complete separation into 36 and 37. 

Another property which has been used is the rate of evaporation 
(vapour pressure is the same for both) . This comes about as follows. 
Owing to the greater speed of the lighter isotope atoms, either in 
liqtdd or gas, they will reach the bounding surface more often than 
the heavier. Since their mean energies are the same, the same pro- 
portion of liquid molecules which reach the bounding surface will 
evaporate in both cases. Hence the rates of evaporation of the 
two isotopes are in the ratio of their velocities, t.e. inversely as 
the square root of the ratio of their masses. By evaporating 
mercury at a low pressure and condensing the distillate on a surface 
cooled by liquid air, Bronsted and Hevesy 2 3 after repeated fractiona- 
tions succeeded in getting samples of mercury differing by about 
5 parts in 10,000 m density, and Honigschmidt and Birckenbach3 
have found appreciable differences in atomic weight. 

The discovery of isotopes has greatly reduced the importance 
of chemical atomic weight as a fundamental constant. This now 
appears merely as a weighted mean of the different isotopes of the 
element, except in the comparatively few cases where it is single. 
It also explains the anomalous position in the periodic table of 
a few elements, such as tellurium, whose atomic weight did not 
accord with the position given by their chemical properties. The 
chemical properties depend of course on the atomic n um ber, and 
the periodic table is the table of elements arranged in order of 
nuclear charge. While the atomic weight generally increases with 
the nuclear charge, the isotopes of adjoining elements may overlap 
or two may coincide (‘isobars’) and then it will depend on what 
proportion the isotopes occur, as to which element has the highest 
chemical atomic weight. No case is known in which all the isotopes 
of an element are heavier than all those of the next highest element. 

1 HarMns, Science, Oot. 14, 1921 ; Nature, Oct. 3, 1921. 

2 Bronsted and Hevesy, Phil. Mag. vim- p. 31, 1922. 

3 Homgaokmidt and Birokenbaoh, Per. lvi. B, 1219, 1923. 
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71*8. Tli© form of apparatus above described is adequate for all 
elements which bave stable volatile compoimds 9 or are themselves 
gases. It fails however for most of the metals, and in investigating 
these, other methods of producing a beam of charged atoms must 
be found. Various methods of producing such ions are known 
and have been applied to this purpose by Dempster *, by one of 
the authors 2 , and by Aston. These methods are described in 
Chap. IX, p. 389. For the measurement of e/»i the above de- 



Eig. 77. 


scribed parabola and mass spectrograph were used by the two 
latter authors respectively. The parabola method is lacking in 
resolving power and only lithium and beryllium could be success- 
fully dealt with. Dempster used a novel method which deserves 
mention. Bis apparatus is shown in Fig. 77. The ions axe pro- 
duced between P and F by cathode rays striking the heated metal 
or its vapour. After diffusing through P they are accelerated by a 
field of 800-1000 volts and then pass the fine slit S x (-37 mm. wide). 

x Dempster, Phys Ben. xi p. 316, 1918, x-viii p. 416, 1931; xx. p. 631, 1922. 

z G- P. Thomson, Proc. Corrib Phil Soc. xx. p. 210, 1920, PhiL Mag vi 42, 
p. 857, 1921. 
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They are then bent into a semicircle by a magnetic field per- 
pendicular to the plane of the paper, and received through the 
slit S 2 (-42 Tnm. wide) into a Faraday cylinder connected with 
an electroscope. By altering the accelerating voltage, keeping 
the m a gn etic field constant, rays of various e/m can be made to 
pass through the second slit. If r is the radius of curvature of 

the rays, mv __ e ]j r an( j ^rnv 2 = Ve, 

, . 2F 

so that ejm — • 

The apparatus as used has the advantage that all Tays which 
leave S x with equal values of e/m and v and make a small angle 
with the normal to S x , will describe semicircles of equal radii, and 
will intersect again, approximately at the other end of a diameter , 
thus the rays are focussed on . 

With this apparatus Dempster showed that magnesium con- 
tained isotopes 24, 25, 26, calcium 40 and 44, and zinc 64, 66, 
68 and 70, besides co nfirming values found by the other observers 
for lit hium and potassium. 


Table of Elements and Isotopes. 


Element 

Atomic 

Humber 

Atomic 

Weight 

Mmirmim 
Number of 
Isotopes 

Mass-numbers of Isotopes in 
Order of Decreasing Intensity 

H 

1 

1-008 

1 

1 

He 

2 

4-00 

1 

4 

IuL 

3 

6-94 

2 

7,6 

Be 

4 

9 02 

1 

9 

B 

5 

10-82 

2 

11, 10 

C 

6 

12-00 


12 

H 

7 

14-01 


14 

O 

8 

16 00 


16 

3T 

9 

19 00 

mm m 

19 

He 

10 

20 20 

2 

20, 22 

Ha 

11 

23-00 


23 

Mg 

12 

24-32 


24, 25, 26 

A1 

13 

26 96 


27 

Sx 

14 

28*06 

3 

28, 29, 30 

P 

Id 

31 02 

1 

31 

S 

16 

32-06 

3 

32, 34, 33 

a 

17 

35*46 

2 

35, 37 

A 

18 

39*88 

2 

40, 36 

K 

19 

39*10 

2 

39, 41 

Ca 

20 

40 07 

2 

40, 44 
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Table of Elements and Isotopes {continued). 


Element 

Atomic 

Number 

Atomic 

Weight 

TVTin-imnm 

Number of 
Isotopes 

Mass-numbers of Isotopes in 
Order of Decreasing Intensity 

So 

21 

45-1 

1 

45 

Ti 

22 

48*1 

1 

48 

V 

23 

510 

1 

51 

Cr 

24 

52*0 

1 

52 

Mn 

25 

54 93 

1 

55 

Ee 

26 

55 84 

2 

56, 54 

Co 

27 

58*97 

1 

59 

Ni 

28 

58*68 

2 

58, 60 

Cu 

29 

63 57 

2 

63, 65 

Zn 

30 

65 38 

4 

64, 66, 68, 70 

Ga 

31 

69 72 

2 

69, 71 

Go 

32 

72*38 

3 

74, 72, 70 

As 

33 

74*96 

1 

75 

Se 

34 

79 2 

6 

80, 78, 76, 82, 77, 74 

Br 

35 

79 92 

2 

79, 81 

Kr 

36 

82 92 

6 

84, 86, 82, 83, 80, 78 

Rb 

37 

85 44 

2 

85, 87 

Sr 

38 

87*63 

2 

88, 86 

Y 

39 

88*9 

1 

89 

Zt 

40 

91 25 

3 

90, 94, 92 (96) 

Ag 

47 

107 88 

2 

107, 109 

Cd 

48 

112*41 

6 

114, 112, 110, 113, 111, 116 

In 

49 

114 8 

1 

115 

Sn 

50 

118 70 

11 

120, 118, 116, 124, 119, 117, 
122, 121, 112, 114, 115 

Sb 

51 

121 77 

2 

121, 123 

T© 

52 

127*5 

3 

128, 130, 126 

I 

53 

126 92 

1 

127 

X 

54 

130*2 

7 

129, 132, 131, 134, 136, 128, 
130, (126), (124) 

Cs 

55 

132*81 

1 

133 

Ba 

56 

137 37 

1 

138, (136), (137) 

X>a 

57 

138 91 

1 

139 

0© 

58 

140 25 

2 

140, 142 

Pr 

59 

140*92 

1 

141 

Nd 

60 

144*27 

3 

142, 144, 146, (145) 

Er 

68 

167 7 

several 

164 to 176 

Hg 

80 

200 6 

6 

202, 200, 199, 198, 201, 204 

Pb 

82 

207*2 

3 

208, 206, 207, (209), (203), 
(204), (205) 

Bi 

83 

209*00 

1 

209 


(Numbers m brackets are provisional only.) 

Copied (-with, additions) from p. 120 The Structure of the Atom, Andrade. 


A list of the isotopes so far known is given above. There 
appear to be no very simple rules to determine the number or 

19 


TCE 
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weight of the isotopes of an element, and though many theories 
of nuclear structure have been brought forward they have not so 
far (1927) had much success in predictmg isotopes. Aston has 
pointed out that elements of odd atomic number never have more 
than two isotopes, and that when they have two the weights of 
these usually differ by two units. Exceptions are lithium and 
boron. There is a general tendency for the number of isotopes 
of el em ents of even atomic number to increase with the atomic 
number, but there are plenty of exceptions. 

72. The value of e/m for the positive ions emitted by a hot 
iron wire was determined by one of the authors in 1903, using 
the method of § 67. The apparatus was not adapted to great 
accuracy, but the result e/m = 400 showed that the ions were of 
molecular dimensions. A number of more recent determinations 
of e/m for these ions are given in Chap. IX. 

The a, particles from radioactive substances are doubly charged 
atoms of helium shot out with a velocity of the order 2 x 10 9 . 
Measurements have been made of e/m for these rays by Ruther- 
ford, Des Coudres, Mackenzie and others, which have been of 
great importance in settling the nature of the rays* For an account 
of the methods see Rutherford’s Ha&io-active Substances and their 
Radiations . The results obtained are m satisfactory agreement 
with the value 4830 calculated for an atom of helium which has 
lost two electrons. 



CHAPTER VII 


DETERMINATION OF THE CHARGE CARRIED BY THE 

NEGATIVE ION 

73. Wi have seen that the value of ejm for the negative ions in 
gases at a low pressure is more than a thousand times the greatest 
value of the ratio of the same quantities for ordinary electrolytes. 
The question at once arises, is this due to a difference in the 
masses of the ions, or to a difference in their electrical charges, or 
to both these causes? to decide these points we must determine 
the value of m or e. The writer made in 1898 1 and 1899 2 deter- 
minations of the value of e for the ions produced in one case by 
X-rays and in the other by ultra-violet light. The method was 
based on the discovery made by C. T. R. Wilsons (see Chap. VIII) 
that gaseous ions, whether positive or negative, act as nuclei 
for the condensation of clouds even in the absence of dust; and 
that if we have a mass of dust-free gas containing ions in a closed 
vessel, and cool the gas by a sudden expansion, then a cloud will 
be produced if the ratio of the volume of the gas after expansion 
to the volume before is greater than 1-25. An expansion of this 
amount is quite moapable of producing more than very slight 
condensation in the gas if it does not contain ions. The water 
condenses round the ions, and if these are not too numerous each 
ion becomes the nucleus of a drop of water. Thus by producing 
a sudden expansion in a gas containing ions we can get a little 
drop of water round each ion; these drops are visible, and we can 
measure the rate at which they fall. Sir George Stokes has shown 
that if v is the velocity with which a drop of water falls through 
a gas, a the radius of the drop, ft the coefficient of viscosity of the 
gas, g the acceleration due to gravity, then 

thus if we measure v we can determine a, and hence the volume 

z - J. J. Thomson, Phil. Mag. v. 46, p. 628, 1898. 

2 J. J. Thomson, Phil. Mag. v 48, p 647, 1899. 

3 G T. R Wilson, Phil. Tram. A, p 266, 1897. 


rg-s 
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of each drop. If q is the volume of water deposited from each 
cubic centimetre of the gas, n the number of the drops, we have 

q = n\ira z . 

To find q we may proceed as follows: the gas after being cooled 
by the very rapid expansion is supersaturated and moisture is 
deposited on the ions; during the condensation of the water, heat 
is given out which warms the gas, so that the temperature of the 
gas rises above the lowest temperature reached during the ex- 
pansion before condensation has taken place. Let £2 be the lowest 
temperature reached during the expansion, t the temperature 
when the drops are fully formed, then if L is the latent heat of 
evaporation of water, C the specific heat of the gas at constant 
volume, M the mass of unit volume of the gas after expansion, 
we have 

Lq=GM(t-t 2 ) (1); 

we neglect the heat required to raise the temperature of the water 
in the gas in comparison with that required to raise the tempera- 
ture of the gas itself. We have further 


q = Pi- P> 

where p x is the density of the water vapour before condensation 
begins, and p the density at the temperature t. Substituting this 
value for q in equation (1), we get 

P — Pi jr" (p — h) - * (2). 


Since p is a known function of t this equation enables us to find 
t when £2 is known, />j and M being found as follows. 

If a; is the ratio of the final to the initial volume of the gas 
and T the temperature in degrees centigrade of the gas before 
expansion, then since the mass of 1 cubic centimetre of air at the 
temperature 0° 0. and under a pressure of 760 millimetres of 
mercury is -00129 grm., we have 

M -00129 w 273 P 

M x X 273 + T 760 * 

where P is the initial pressure of the gas expressed in millimetres 
of mercury. 

Agaon, Pi = ~-> 

Jj 
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where p' is the density of water vapour at the temperature T before 
expansion; as the air was saturated with water vapour at this 
temperature p' can be obtained directly from the Tables of the 
vapour pressure of water vapour. 

The cooling caused by the adiabatic expansion is determined 
by the equation 

108 ' 273 + \ - ~ 41 lQ 8 * <*)• 

For in such an expansion pv y is constant, where p is the pressure, 
v the volume and y the ratio of the specific heat at constant 
pressure to that at constant volume : but pv = R6, where 6 is the 
absolute temperature and R a constant, hence we have during an 
adiabatic expansion 

v y ~ 1 0 = a constant; 


hence if v x 0 x , v z 9 z are the initial and final values of v and 0, we 
have 


v 1 y ~ 1 9 1 = v z y ~ 1 0 Z) 


or logw = (y- l)log^- 

tr a % 

Since y = 1*41 this is equivalent to equation (3). From (3) we 
determine and then since 


equation (2) becomes 


C = *167, L = 606, 


= p_ _ 

x 


•167 -00129 273 P „ , AS 

606 X x 273 + P760 1 


As an example of how this equation is apphed let us take a 
case which occurred in one of the experiments. Here 
T = 16°, P = 760, x - 1*36. 

To get we have 

log = lo 8 l* 36 = log 1*134, 

hence 273 ■+■ = 254*8, or — — 18°*2. 

We find from the Tables that at 16° 

/>' = *0000135, 
hence equation (4) becomes 

p = 99-3 x 10- ? — 2*48 x 10“ 7 (# + 18*2) (5). 
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To solve this equation we keep substituting various values for t 
until we find one for which, the corresponding value of p given by 
(5) is the same as the value of the vapour pressure of water at 
the temperature t. We find by this process of trial and error 
that the solution of equation (5) is t = 1*2, and the corresponding 
value of p is 51*5 x 10 -7 . Substituting this value for p we find 
q = 47*7 x 10~ 7 grms. 

When we know q and a, n the number of drops is at once 
determined by the equation 

n = ql%jra z . 

Tn this way we can determine the number of ions per cubic 
centimetre of gas. When we know the number of ions and also 
the velocity of the ions under unit electric force, we can very easily 
deduce the charge carried by an ion by measuring the current 
carried by these ions across each unit of area under an electric 
force E. For if n is the whole number of ions of both signs per 
c.c., TJ the mean of the velocities of the positive and negative ions 
under unit electric force, the current through unit area is equal to 

ne E U, 

where e is the charge on the ion; the electric force E ought to be 
so small that the current is proportional to the electric force. 
When this is not the case the number of ions is diminished by 
the action of the electric field, and depends upon the magnitude 
of the electric force. 

We can easily measure the current through the ionised gas 
and thus determine ne E U, and as n, E, U are known we can 
deduce the value of e. 

74. This method was first applied by the author to deter- 
mine the charge on the ions produced by X-rays. The method 
used for makin g the cloud and measuring the expansions is the 
same as that used by 0. T. R. Wilson 1 : the apparatus for this 
and the electrical part of the experiment is represented in Fig. 78. 
The gas which is exposed to the rays is contained in the vessel A ; 
this vessel is connected by the tube B with the vertical tube C, 
the lower end of which is carefully ground so as to be in a 
plane perpendicular to the axis of the tube, and is fastened 
i a T. R. Wilson, Proo. Comb. PUl. Soc. ix. p. 333, 1897. 
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down to the india-rubber stopper D. Inside this tube there is 
an inverted thin-walled test tube P with the lip removed qnd the 
open end ground so as to be in a plane perpendicular to the 
of the tube- The test tube slides freely up and down the larger 
tube and acts as a piston. Its lower end is always below the 
surface of the water which fills the lower part of the outer tube; 
a tube passing through the india-rubber stopper puts the inside 0 f 



Pig 78. 


the test tube in communication with the space F. This space is 
in connection by the tube H with a large vessel F in which the 
pressure is kept low by a water-pump. The end of the tube H is 
ground flat and is closed by an india-rubber stopper which presses 
against it; the stopper is fixed to a rod, and by pulling this rod 
down smartly the pressure inside the test tube is lowered and the 
test tube falls rapidly until it strikes against the india-rubber 
stopper. The tube T, which can be closed by a stop-cock, admits 
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air into E and allows ns to force tie test tube back into its place 
for another expansion. The tubes R and S are for the purposes 
of regulating the amount of expansion. To do this the mercury- 
vessel R is raised or lowered when the test tube is in its lowest 
position until the gauge G indicates that the pressure in A is the 
desired amount below the atmospheric pressure. The stop-cock S 
is then closed and air is admitted into the interior of the piston 
by opening the stop-cock T. The piston then rises until the 
pressure in A differs from atmospheric pressure only by the amount 
required to support the weight of the piston ; this pressure is only 
that due to a fraction of a millimetre of mercury. 

If II is the barometric pressure, then P l3 the pressure of the 
air before expansion, is given by the equation 

p x = n — 7i ■, 

where tt is the maximum vapour pressure of water at the tempera- 
ture of the experiment. The pressure of the air P a when the 
piston is at the bottom is given by 

-P* — Pi - P> 

where p is the pressure due to the difference of level of the mercury 
m the two arms of the gauge G. 

Thus if v 2 is the final and v x the initial volume of the gas, 

Vz _ Pj. _ II — 7T 

% P 2 n — 7T — p' 

The vessel in which the rate of fall of the fog and the con- 
ductivity of the gas are tested is at A. It is a glass tube 
36 millimetres in diameter covered with an aluminium plate, to 
avoid the abnormal ionisation which occurs when X-rays strike 
against a metal surface, the lower part of the al uminium plate is 
coated with wet blotting-paper, and the electric current passes 
from the blotting-paper to the horizontal surface of the water 
beneath. The induction coil and the focus bulb for the produc- 
tion of the X-rays are placed in a large iron tank, in the bottom 
of which a hole is cut and closed by an aluminium window. The 
vessel A is placed underneath this window and the bulb giving 
out the rays some distance above it so that the beam of rays 
escaping from the tank is not very divergent. The intensity of 
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the rays can be reduced to any required degree by inserting leaves 
of tinfoil or sheets of aluminium between the bulb and the vessel. 

In these experiments it is necessary to work with very weak 
rays, so that the number of ions is comparatively small, when the 
number of ions is large some of them seem to escape from being 
caught by the cloud produced by the expansion, and when this is the 
case the number of ions deduced from the time of fall of the cloud 
will be too small; it is therefore advisable to work with such weak 
ionisation of the gas that the first cloud clears away all the ions. 

To find the current passing through the gas, the tank and the 
al uminium plate on the top of the vessel A are connected with 
one pair of quadrants of the electrometer, the other pair of 
quadrants is connected with the water surface m the vessel A; 
this surface is charged up to a known potential by connecting 
it with one of the terminals of a battery, the other terminal of 
which is connected with the earth. After the surface has been 
charged it is disconnected from the battery and the insulation 
of the system tested by observing whether there is any leak 
when the X-rays are shut off; the insulation having been found 
satisfactory, the rays are turned on and the charge begins to 
leak from the electrometer; by measuring the rate of leak the 
quantity of electricity which in one second passes through the 
gas exposed to the rays can be determined. Tor suppose that 
in a second the electrometer reading is altered by p scale divisions, 
and that one scale division of the electrometer corresponds to 
a potential difference V between the quadrants, and that C is 
the capacity of the system consisting of the electrometer, the 
water surface and the connecting wires, then the quantity of 
electricity which passes in one second through the gas exposed 
to the rays is pVO. If n is the total number of ions positive as 
well as negative per cubic centimetre of the gas, u§ the mean of 
the velocities of the positive and negative ions under a potential 
gradient of a volt per centimetre, E the potential gradient in 
volts per centimetre acting on the ionised gas, A the area of the 
water surface, the current through the gas is equal to Aneu^E ; 
but as this current is equal to pVC, we have 

pVC = AneuoE, 

an equation by means of which we can determine ne, and as from 
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the experiments on clouds we know the value of n we can at once 
deduce the value of e. Proceeding in this way the author found 
in 1898 that for the ions produced by X-rays passing through 
air, using electrostatic units, 

e = 6*5 x 10 -10 (gr.) 1 (cm.) T (sec.) -1 . 

A similar series of experiments on the ions produced by 
X-rays passing through hydrogen gave for e the charge on the 
hydrogen ion the value 

6-7 x 10 -10 (gr ) f (cm.) 1 (sec.) -1 . 

The difference between this and the value of the charge on the 
ion in air is much less than the error of experiment, so that the 
charges on the ions are the same in these gases. This was shortly 
afterwards confirmed by the experiments made by Townsend on 
the rates of diffusion of the ions; an account of these experiments 
has already been given in Chap. II. For his determination of the 
charge on the heavy ions in electrolytic gases see later (vol. n). 

75. The author in 1901—2 repeated these experiments on the 
charges carried by the ions, making some modifications in the 
method. In the first place, the ionisation was produced by the 
radiation from radium mstead of by the X-rays; this was done 
to get a more uniform rate of ionisation than is possible with 
X-ray tubes, the irregularity of which gave a great deal of trouble in 
the earlier investigation. Secondly, the electrometer used in the 
new experiments was much more sensitive than the old one, the 
new electrometer was of the Dolezalek type and gave a deflection 
of 20,000 scale divisions for a potential difference of one volt. 

The measurements made by C. T R. Wilson 1 (see Chap. VIII) 
show that with expansions between 1*25 and 1*3 negative, and 
only negative, ions act as nuclei for cloudy condensation, while 
with expansions greater than 1*3 both negative and positive ions 
are brought down by the cloud. It was feared that when the 
expansions were sufficiently large to bring both sets of ions into 
play the more active negative ions might have a tendency to 
monopolise the aqueous vapour, and that therefore the whole of 
the positive ions might not be brought down with the cloud. 
This fear was found to be justified, for with the expansion apparatus 
1 0. T. R. Wilson, Phil. Trcms. cxciii. p 289. 
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used in the earlier experiments it was found that with expansions 
greater than 1-3 the number of particles in the cloud formed in 
the ionised gas was not, as it should have been if all the ions 
had been caught by the cloud, twice as great as when the expansion 
was less than this value. The apparatus was modified so as to 
make the rate of expansion very much more rapid than in the 
earlier experiments, with the new apparatus the n um ber of par- 
ticles in the cloud when the expansion was greater than 1*3 was 
twice as great as when the expansion was less than this value ; this 
confirms the view that with this apparatus all the ions are caught 
by the cloud. The result of a number of determinations of e 
with the new apparatus, using different samples of radium and 
different intensities of radiation, was that 

e = 3*4: x 10 -10 (gr.)* (om.f (sec.) -1 . 

76. Another method of finding e has been used by H. A. 
Wilson 1 . C. T. It. Wilson found that clouds could be deposited 
round negative ions by an expansion which was insufficient to 
produce condensation on positive ions. It is thus possible to 
adjust the expansion so as to get a cloud in which all the drops 
are negatively charged. H. A. Wilson arranged his experiment 
so that such a cloud was formed between two horizontal plates; 
these plates could be maintained at different electrical potentials 
so that a uniform field acted between the plates, this field acting 
on the charged drops produced a vertical force in addition to 
that due to the weight of the drop and so affected the rate of fall. 

Let X be the vertical force, e the charge on the drop, v ± the 
rate of fall of the drop under this force, and v the rate of fall when 
there is no electric field; then since the rate of fall is proportional 
to the force on the drop, if a is the radius of the drop, p its density, 

Xe + frrpgct, 3 _ Vj_ 
frrpga? v ’ 

or Xe — §Trpga s . 


2ga?p 
9 fJL ’ 

Ke = v2 . 977 


/ p? V* (Vi - 

V op v 


i H. A. Wilson, PhtL Mag. vL 5, p. 429, 1903. 


SO that 
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Thus if X, v, and v 1 are known, e can be determined. 

By this method Wilson found e — 3*1 x 10~ 10 electrostatic units. 

Wilson found that some of the drops m the cloud carried a 
charge 2e and others a charge 3e. 

76*1. Great improvements have been made in Wilson’s method 
by Millikan 1 , who has carried out the most accurate series of 
researches so far made on the value of e. Millikan has modified 
Wilson’s method so that a single charged particle can be observed. 



and in this way, besides greatly increasing the accuracy, has been 
able to give an extraordinarily direct proof of the atomic nature 
of electric charges. Millikan’s apparatus in its final form is 
shown in Fig. 79. The central feature of the apparatus is the 
parallel plate condenser M, N, consisting of two optically flat 
metal plates 22 cm. in diameter and separated by three pieces of 
echelon plates 14*9174 mm. thick. In the top of M are five small 
holes P through which fall the drops (usually of oil, sometimes 

x M illikan, Phil. Mag. m. 1909; xxsav. p. 1, 1917; Phys. Rev. xxxii. p. 349, 
1911; i p. 219, 1913, ii. p. 109. 1913. 
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mercury) formed in. the * atomizer * A . The oil bath O TrmWm'na the 
whole at a constant temperature. The fall of the drops was 
made visible by light from the aro a filtered through a trough of 
water w, and one of cupric chloride d, for the removal of heat 
rays, and their motion was observed in a specially designed tele- 
scope (not shown in the fig.), and timed over a distanc e of 
1*0220 cm. with a chronograph. The air in the condenser could 
be ionised when required by means of X-rays through the window g. 
The procedure was to time the fall of a particle in the absence of 
an electric field, and then to time its rise under a field strong 
enough to overcome gravity. Often the drops carried a charge 
produced by friction in the atomizer, if not they were allowed to 
collect a charge from ions in the air of the condenser. The process 
of rise and fall could be repeated many times, the same particle 
being kept under observation, sometimes for hours at a time. 

The first result of this method was to give a very direct test 
of the atomic nature of electric charges. Thus, ftwmmi'ng only 
that the force on the particle due to viscosity is proportional to the 
velocity, we have 

mg = kv„, nXe — mg = Jcvf, 

where mg is the weight in air of the particle, v g , Vp the velocities 
of fall and rise, X the field strength and n the number of units of 
charge. Thus ^ 

ne — (v g 4- vp). 

If therefore for any one particle the quantity ^ ^ is calculated, 

"IF 

where t„ and tp are the times of fall and rise respectively, it should 
be an integral multiple of a quantity constant for a given particle. 
Again, if tp and tp> are the times of rise with differ ent charges n 

and n ± n', then should be equal to the same constant. 

Some thousands of changes of charge were observed, but in no 
case did the times fail to obey this rule. One of the shorter series 
of observations is shown below. 

Millikan claims that the evidence obtained m this way for the 
atomic' nature of electric charges is as strong as any of the chemical 
evidence for the law of multiple proportions and the atomic theory 
of matter. 
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Drop No. 8. 



t F 

n' 

Jt /i_i\ 

Vif ^F / 

n 

n ' t g t F ) 


55 69 

— — 

29 97 





F»=6669 volts 

55 90 

29 83 



3 

017094 

Fy =6657 volts 

56 18 

29 69 

1 

•017251 



/=23° 01 C. 

65*91 

60-89 



2 

-017131 

p =75-40 cm 

56-12 

29-76 

1 

017179 



v 1 — 018230 cm /sec 

55 90 

29 49 





a = -0001250 cm. 

* 

56 29 

29 51 

1 

017072 

3 

•017211 

— = 106-3 
pa 

07608 

56 26 

59-49 





56-33 

59 44 



2 

-017327 

e 1 2,a = 65 13 

56 06 



017167 


-017191 

e 2, ' = 61 11 


In practically all Millikan’s experiments the change of charge 
was a single unit, and he is inclined to doubt Franck and West- 
phal’s result that multiply charged ions are present in appreciable 
numbers. In order that a drop should experience a change of 
charge it was usually necessary not only to ionise the air but 
to switch off the electric field, otherwise the relative velocity of 
ion and drop was so great that there was little chance of their 
coming together. Millik an found that a drop was about as likely 
to get an extra charge of the same sign as it already possessed as 
to get one of opposite sign, in spite of the electrostatic repulsion 
in the former case. He shows that for particles of the size used, 
mostly from 10 -4 to 5 x 10 -4 , the electrostatic energy is small 
compared with the kinetic energy of thermal agitation of the ions, 
even when the drop has a considerable number of charges. 

In order to deduce the value of e it is necessary to know the 
value of h. According to Stokes’ law, k = fwrjua for a sphere 
and, since m = fna z p, where a is the radius, 

Millikan used this equation and found that the value of e was 
greatest for the smallest drops, i.e. for those which fell slowest. 
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Kg. 80 shows the relation between the apparent value of e 
and the radius a computed from Stokes’ law. This result is to 
be* explained by the fact that Stokes’ law is deduced from hydro- 
dynamical principles of continuous flow and absence of slip, and 
ceases to be exact for spheres so small that their size is comparable 
with the mean free path of the molecules of the gas. For a first 
order correction Millikan takes 

k = Qn/xa jl + A , see § 41-3, 

where Z is the mean free path) or since Z varies inversely as p the 
pressure. 

If ex is the value found for e from the uncorrected Stokes’ law, 
and e that as corrected, it is easy to show that 


( 1 + »s) 


Thus if is plotted against 1 /pa the result should be a straight 
line whose intercept on the axis gives the true value of e^. 
The line m Fig. 81 shows that this expectation is justified. 
Millikan’s final value for e is 4*774 X 10 -10 E.s.u., talking p at 
23° 0. as -00018227. 

Regener 1 working on a similar method has fo und e — 4*86 x 10“ 10 
as the mean of experiments on oil drops and on drops formed 
round the gaseous ions obtained in the rapid electrolysis of caustic 
potash. Mattauch 2 , also working on oil drops, has found 
4*758 x 10-“. 


76*2. It should be mentioned that Ehrenhaft considers that 
he has obtained evidence of charges, which, if multiples of a unit 
at all, axe multiples of a much smaller one than that found by 
other experimenters. The resulting controversy has fully con- 
firmed Millikan’s result but has led to some interesting con- 
clusions regarding the behaviour of small particles and in especial 
the corrections ‘necessary in Stokes’ law. It may be mentioned 
that most of Ehzenhaft’s particles (oil and mercury drops and 

1 Regener, Phys. Ze%te xii. p. 13 5, 1911. 

2 Mattauch, Zeitschnft /. Phys* xxxii. p. 439» 1925. 

TCE 20 



306 DETERMINATION OF THE CHARGE [76-2 

particles spluttered from an arc between silver electrodes) were 
markedly smaller than Millikan’s. This makes the correction to 
Stokes’ law more important, and also introduces difficulties m 
measurement owing to the Brownian movements. A remarkable 
piece of research was carried out by Meyer and Gerlach 1 who 
were able, not only, as Millikan had done, to follow the motion 
of a particle during many changes of charge, but actually to keep 
it in view while the pressure in the observation chamber was 
changed and so to examine the same particle at different pressures. 
Using small particles from a platinum arc they found it necessary 
to suppose that the platinum had about half the normal density, 
but of course there is no proof that the particles were spherical. 
They charged the particles photoelectncally, and found the us ual 
atomic relation for changes of charge, but was a function of 
the pressure. These experiments have been followed up by work 
by Bar 2 and by Mattauch 3 , the latter of whom was even able to 



Mattauch 

Millikan 

A 

0 898 

0*864 

B 

0 312 

0-290 

G 

2-37 

1-25 


keep the same particle in view during a change of the gas from 
nitrogen to carbon dioxide. Bar found that the correcting factor 
1 + Alfa, which had been found on theoretical grounds by Cun- 
ningham, was not adequate for the larger values of If a, and adopted 

the form 1 + - {A -b Be c z) which had previously been used by 

Millikan 4 . Mattauch, working with drops of oil and of mercury, 
was able to find constants which held for oil in both nitrogen and 
carbon dioxide over a range of If a between 0*1 and 5. Mercury 

1 Meyer and Gerlach, EUter-Geitel Festschrift , 1915, p. 196; also Ann. der Fhys 
xlv. p. 177, 1914. 

2 R . Bar, Ann. der Fhys. Ixviu p. 157, 1922. 

3 Mattauch, Zeitschnft f Fhys xxxn. p. 439, 1925. 

4 Millikan calculates l from the formula /x = *3502pcZ, where c is the average 
molecular velocity. On this basis Cunningham’s A is equal to *788 See lvmMrfl.n, 
Fhys. Rev. xxxn. p. 380, 1911. 
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drops showed a curious separation into two classes, those which 
evaporated, which gave normal results, and those which did not, 
which behaved as though they had a density much below that 
of normal mercury. If these latter are not really dust particles, 
the effect must apparently be -due to an adsorbed layer of gas 
altering the density, though it is not clear why this should form 
in some cases and not m others. For a further account of these 
and other exper iment s on this subject see the article by 'W. Gerlaeh 
on ‘electrons,’ vol. xxii of Geiger and Scheel’s Handbuch der 
Physik , 1926. 

76*3. Other methods of finding e have been used, based on 
measurements of radioactivity. Thus Rutherford and Geiger 1 
counted the number n of a particles emitted per see. from a known 
ama.ll quantity of radioactive material by detecting the current 
produced as each particle entered a specially designed ionisation 
chamber. They then determined nE the total charge carried by 
the particles. This gave E = 9*3 x 10~ 10 , which on the assumption 
E = 2e gives e = 4*66 x 10~ 10 . Regener 2 used a similar principle 
but found n by counting the scintillations produced by a particles 
from polonium on a fluorescent crystal. He found E = 9*58 x 10 -10 
or e = 4*79 x 10 -10 E.s.tr. For a fuller account of these methods 
and for other less exact methods which have been used, see 
Rutherford, Radio-actwe Substances and their Radiations. 


76*4. Having found the value of e, let us compare it with E the 

charge carried by the hydrogen ion in the electrolysis of solutions. 

If N is the number of molecules in a cubic centimetre of a gas 

at a pressure of 760 mm. of mercury and at 0° C., then we know 

as the result of experiments on the liberation of hydrogen in 

electrolysis that ___ „ „ 

J NE = 1*22 x I0 10 . 


In treatises on the Kinetic Theory of Gases (for example, O. E. 
Meyer, Die hinetische Theorie der Gase) it is shown how by the 
aid of certain assumptions as to the nature and shape of the 
molecules it is possible to find N . The values found in this way 
vary considerably, the best determinations of N lying between 

1 Rutherford and Geiger, Proc. Roy. Soo. load , p. 103, 1908; Rhys. Zests, x. 
p. 42, 1909. 

2 Regener, BerL Ber. ii. p. 948, 1909. 


20-2 
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2-1 x 10 19 and 10 20 ; this would make E lie between 6*1 x 10 -10 and 
1*29 x 10 -10 ; the value of e is well between these limits. Hence we 
conclude that the charge carried by any gaseous ion is equal to the 
charge earned by the hydrogen ion in the electrolysis of solutions. 

This conclusion is also confirmed by the experiments of Town- 
send already referred to. In these experiments the charges on 
the ions in air, hydrogen and carbonic acid gas were directly 
compared with E, and proved to be equal to it (see p. 80). Starting 
with this result we can by direct experiment on gases determine 
the value of E, and then by the aid of the equation 

NE = 1-22 x 10 10 , 

the number of molecules in a cubic centimetre of the gas, and 
hence the mass of a molecule of the gas; proceeding in this way 
we avoid all those assumptions as to the shape and size of the 
molecules of the gas, and the nature of the action which occurs 
when two molecules come into collision, which have to be made 
when the same quantities are determined by means of the Kin etic 
Theory of Gases. 

Using Millikan’s value for e we find 

N = 2-705 x 10 19 , 

and the number in a gr. molecule is 6-06 x 10 23 . 

It is now generally accepted that these particles or electrons 
are at once the fundamental unit of negative electricity and a 
universal constituent of matter. The neutrality of ordinary matter 
and results of Millikan’s experiments show that positive electricity 
must exist in equal units, a result we have already had occasion 
to refer to in connection with the experiments on positive rays. 

77- The determinations of e described above have been made 
on ions produced by X-rays or radium rays. The properties of 
the ions in gases are the same, however, whether the ions axe 
produced by X-rays, radium, Lenard, or cathode rays, or by the 
agency of ultra-violet light. Evidence in support of this is 
afforded by the fact that, as we have seen, the velocity of the ions 
in the electric field is the same in whichever of the above-mentioned 
ways they are produced. We shall see too (Chap. VIII) that they 
behave in exactly the same way with respect to their power of 
producing condensation of clouds. We have thus strong reasons 



79] OAEKEBD BY THUS NEGATIVE ION 309 

for th inkin g that the charge on the ion does not depend npon 
the kind of radiation used to liberate the ion. I have made some 
direct experiments on this point, and have made measurements 
of the charge on the negative ions produced by the incidence of 
ultra-violet light on metals; the method used was the gam a as in 
the case of the ions produced by X-rays, and the result was that 
within the limits of experimental error the charge on the negative 
ion produced by the action of ultra-violet light was the same 
as that on the ion produced by X-rays 1 . See also Meyer and 
Gerlach’s experiments above. 

The case of the ions produced by ultra-violet light is interesting, 
as it is the one in which both the values of e and of efm (when 
the pressure is low) have been measured when the ions are the 
same in the two experiments. 

78. As e is the same as E the charge on the hydrogen ion, 
while e/m is about eighteen hundred and forty times E/M , where 
M is the mass of the atom of hydrogen, it follows that m is only 
about 1/1840 of M, so that the mass of the carrier of the negative 
charge is only 1/1840 of that of the atom of hydrogen. 

79. Let us now sum up the results of the determinations of e 
and of e/m which have been made for the ions produced in gases by 
radiations of different kinds. We have seen that in all the cases 
in which e has been determined it has been found equal to E, the 
charge on a hydrogen ion in liquid electrolysis. The charge on 
the gaseous ion does not, like that on the ions in liquids, depend 
on the substance from which the ions are produced; thus in the 
case of the ions produced by X-rays or analogous radiation, the 
charge on an ion produced from oxygen is the same as that on 
one produced from hydrogen, though in liquids the charge on an 
oxygen ion is twice that on a hydrogen one. 

Again, at very low pressures, when the negative ion can escape 
getting entangled with the molecules of the gas by which it is 
surrounded and at all pressures in certain gases, the mass as well 
as the charge of the negative ion is invariable and much smaller 
than the mass of the smallest portion of ordinary matter, i.e. that 
of an atom of hydrogen, recognised in the Kinetic Theory of Gases. 

x J. J. Thomson, Phil. Mag v. 48, p. 547, 1899. 



CHAPTER VIII 

ON SOME PHYSICAL PROPERTIES OP GASEOUS IONS 

80. One of the most striking effects produced by ions is the 
influence they exert on the condensation of clouds. One ina fomoa 
of this is the discovery by R. von Helmholtz 1 of the effect of 
.an electric discharge on a high pressure steam jet. When steam 
rushes out from a jet placed near a pointed electrode connected 
with an electric machine or an induction coil, a remarkable change 
in the appearance of the jet takes place when electricity is escaping 
from the electrode. This can conveniently be shown by throwing 
the shadow of the jet on a screen; when there is no escape of 
electricity the jet is nearly transparent and the shadow is very 
slight; as soon however as electricity begins to escape, the opacity 
of the jet increases to a remarkable extent, the shadow becomes 
quite dark and distinct, and colours arising from the diffraction 
of the light by the small drops of water make their appearance, 
the jet sometimes presenting a very beautiful appearance. For 
an account of the ways of arranging the experiments so as to 
observe these colours to the best advantage and of a method by 
which the size of the drops of water can be deduced from the 
colour phenomena, we must refer to a paper by Barns 2 . This 
effect evidently shows that the electrification makes the steam 
condense into water drops. 

In a later paper by R. von Helmholtz and Richarz 3 , published 
after the death of the former, the authors show that a steam jet 
is affected by making or breaking the current through the primary 
of an induction coil, even when the terminals of the secondary 
placed in the neighbourhood of the jet are separated by ranch 
more than the sparking distance, and that the effects per sis t even 
when the terminals are wrapped in moist filter-paper so as to 
catch any metallic particles that might be given off from them. 

1 R. v. Helmholtz, Wted. Ann. jaaoi. p. 1, 1887; see also Bid-well, Phil. Mag. 
v. 29, p. 168, 1890. 

2 Baras, American Journal of Meteorology, is. p. 488, 1893. 

3 R. v. Helmholtz and Richarz, Wied. Arm. xL p. 161, 1890. 
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E. von Helmholtz and Richarz ( loc . cit.) showed that the 
steam jet was affected by gases from the neighbourhood of flames 
whether these were luminous or not; the very cool flame s of 
burning ether and alcohol are exceptions to this statement. 

A platinum wire raised to a dull red heat affected the jet when 
electrified, and if raised to a bright yellow heat affected the jet 
even when unelectrifled, except when the wire was surro und ed 
by hydrogen, in which case the unelectrifled wire had no effect. 
Coal gas passed through platinum gauze raised to a dull red heat 
also influenced the jet. 

The jet is also affected by the presence in its neighbourhood 
of certain substances such as sulphuric acid, also by gases which 
are dissociating or undergoing chemical changes in the air, such 
as N 2 0 4 or N0 2 , it is not affected by ozone or hydrogen peroxide. 
If however ozone is destroyed by bubbling through such substances 
as solutions of potassium iodide or potassium permanganate, the 
gas which emerges has the power of affecting the jet; this gas 
has also the power of forming clouds when it comes into contact 
with moist air, as was first shown by Meissner 1 ; experiments on 
this point have also been made by R. von Helmholtz and Richarz 
and by J. S. Townsend 2 . The action in this case and in other 
cases of the effect of chemicals is, as we shall see, probably due 
to the formation of some substance which dissolves in the drops 
of water and lowers their vapour pressure; thus the drops in this 
case are not formed of pure water, but of more or less dilute 
solutions. 

Moist air drawn over phosphorus, sodium or potassium also 
affects the jet. 

Lenard and Wolf3 also showed that the incidence of ultra- 
violet light on a zinc plate or on {some fluorescent solutions in 
the neighbourhood of a steam jet produced condensation in the 
jet; a similar effect was produced by ultra-violet light passing 
through quartz. Richarz 4 showed that the incidence of X-rays 
produced condensation in the jet. There was for some time con- 

z Meissner, Jahresber f m CKemie, 1863, p. 126* 

2 J S Townsend, Ptoc. Oamb . Phil Soc x. p. 62, 1898. 

3 Lenard and Wolf, Wied. Ann. xxxvu. p. 443, 1889. 

4 Richarz, Wied Ann. lix. p. 692, 1896. 
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siderable difference of opinion as to the cause of this behaviour 
of the steam jet; the earliest researches on this subject came at 
a time when the experiments of Aitken 1 , of Coulier 58 and of 
KiesslingS had drawn attention to the great effect produced by 
dust on cloudy condensation. These physicists had shown that 
the clouds produced by the lowering of temperature resulting 
from a small adiabatic expansion of the damp dusty air of an 
ordinary room entirely disappeared if the dust were filtered out 
of the air: the drops in the cloud were shown to collect round 
the particles of dust, the water drops were thus able to start with 
a finite radius — that of the dust particle — and so had not to 
pass thr ou g h the stage when their radius was of molecular dimen- 
sions, when, as Lord Kelvin has shown, the effect of surface tension 
would lead to such intense evaporation as soon to cause the dis- 
appearance of the drops. 

The discovery of the effect of dust on the condensation of 
water vapour produced a tendency to ascribe the formation of 
clouds in all cases to dust and to dust alone; in fact, to use the 
indication of the steam jet as a measure of the dustiness of the 
air; thus, for example, Lenard and Wolf ascribed the effect which 
they found was produced by the incidence of ultra-violet light on 
metals to metallic dust given off by the metal under the influence 
of the light. On the other hand, R. von Helmholtz, and later 
Richarz, strongly maintained the view that many of the effects 
they observed were not due to dust, but to ions, and they gave 
strong arguments and made some striking experiments in support 
of this view: as however this evidence is somewhat indirect, and 
as the truth of their view has been indisputably proved by the 
direct experiments made later by C. T. R. Wilson*, we shall 
proceed at once to a description of his researches. 

81 . The method used by Wilson was to cool the moist gas 
suddenly by an adiabatic expansion, so that the gas which was 
saturated with water vapour before cooling became supersaturated 

1 Aitken, Nature, xaii. pp. 195, 384, 1880, Trane. Hoy. JSoc. JSdin. xxxiu. 
p. 337, 1881. 

2 Coulier, Journal de Pharm. et de Chimie , p 165, 1875. 

3 Kiessling, Naturw. Vetrem d. Hamburg- A Itona, vin. 1, 1884 

4 C.T.R Wilson, Phil. Tram*, clxxxix. p. 265, 1897. 



81] ON SOME PJd.YSIC.Aii PROPERTIES OB' GASEOUS IONS 313 

afterwards. One of the arrangements used by Wilson to produce 
the expansion is shown in Fig. 82: the way in which the appa- 
ratus works has already been explained (see p. 295). It is very 
important in these experiments that the expansions which produce 
the cloud should be as rapid as possible, for with slow expansions 



Fig. 82 . 


as soon as the supersaturation is sufficient for the first drops to 
be formed, if these have time to grow before the expansion is 
completed, they will rob the air of its moisture, and the super- 
saturation will not rise much above the value required for the 
formation of the first drops. To ensure this rapid expansion, the 
piston P, Fig. 82, should be light and able to move freely up and 
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down, and the arrangement by which the difference of pressure 
between the inside and outside of the cylinder is produced should 
work very rapidly. 

82. Using an arrangement of this nature, Wilson found that 
when dusty air filled the expansion chamber a very slight expan- 
sion was sufficient to produce a dense fog; if this was allowed to 
settle and the process repeated, the air by degrees got deprived of 
the dust which was earned down by the fog; when the air became 
dust-free no fogs were produced by small expansions. If we take 
as the measure of the expansion the ratio of the final to the 
initial volume of the gas, no cloud was produced in the dust-free 
air until the expansion was equal to 1-25. When the expansion 
was between 1-25 and 1-38, a few drops made their appearance; 
these drops were very much fewer in hydrogen than in air. On 
increasing the expansion beyond 1*38 a much denser cloud was 
produced in the dust-free gas, and the density of the cloud now 
increased very rapidly with the expansion. Thus we see that 
even when there is no dust, cloudy condensation can be produced 
by sudden expansions if these exceed a certain limit. This limit 
appears to be independent of the nature of the gas, as is shown 
by the following table, which gives the ratio of the volumes re- 


Gas 

Bain-like condensation 

Cloud-like condensation 

!Final/mitial 

volume 

Super- 

saturation 

Final/mitial 

volume 

Super- 

saturation 

Air 

1 1 

4-2 

1375 

7-9 

Osygen 

HiiiXw 

4-3 

1*375 

7-9 

Nitrogen - - 

■ 

4-4 

1375 

79 

Hydrogen . . . 

■Hii 

— 

1375 

7-9 

Carbonic acid 

1*365 

4-2 

153 

73 

Chlorine . , . 

1*30 

3-4 

144 

5-9 


quired to produce the first or rain-like stage of condensation and 
the supersaturation, i.e. the ratio of the pressure of the aqueous 
vapour actually present when the condensation begins to the 
saturation vapour pressure at that temperature: the thir d and 
fourth columns give the corresponding quantities for the second 
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stage of the condensation, i g. when the expansion produces a 
dense cloud. 

The rain-like condensation is absent in hydrogen. 

83. The description given above relates to the behaviour of 
gas in the normal state, on exposing the gas to X-rays, Wilson 
found that, as in the normal gas, there were no drops until the 
expansion was equal to 1*25; on passing this limit however the 
density of the cloud was very greatly increased by the rays, and 
if these were strong the few drops which were all that were formed 
when the rays were absent were replaced by a dense and almost 
opaque cloud. The strength of the rays does not afEect the expan- 
sion required to produce the cloud; no matter how strong the rays 
may be there is no cloud produced unless the expansion exceeds 
1*25; the strength of the rays increases the number of drops in 
the cloud, but does not afEect the stage at which the cloud begins. 
The efEect of the rays in producing a cloud lasts some few seconds 
after the rays have been cut off. Wilson 1 has shown that the 
radiation from uranium and other radioactive substances pro- 
duces the same efEect as X-rays, as does also ultra-violet light 
when incident upon such a metal as zinc: the efEects produced 
by ultra-violet light are however somewhat complicated and we 
shall have to return to them again. 

84. That the efEect produced by X-rays and uranium rays is 
due to the production of charged ions formed in the gas can be 
shown directly by the following experiment. If the ions produced 
by the X-rays act as nuclei for the water drops, then since 
these ions can be withdrawn from the gas by applying to it a 
strong electric field, it follows that a oloud ought not to be formed 
by the rays when the air which is expanded is exposed to a strong 
electric field while the rays are passing through it. This was 
found to be the case, and the experiment is a very striking one. 
Two parallel plates were placed in the vessel containing the dust- 
free air; these plates were about 5 cm. apart, and were large 
enough to include the greater part of the air between them 2 . The 

x C. T R Wilson, Phil. Trans . oxcii. p. 403, 1899. 

2 J. J. Thomson, PhiL Mag . v 46, p. 528, 1898. 
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plates could be connected with the terminals of a battery of small 
storage cells giving a potential difference of about 400 volts. 
X-rays passed through the gas between the plates; the gas 
had previously been freed from dust. When the plates were dis- 
connected from the battery a suitable expansion produced a dense 
cloud, when however the plates were connected with the battery 
only a very light cloud was produced by the expansion, and this 
cloud was almost as dense when the X-rays did not pass through 
the air as when they did. 

85 . When a dense cloud has been produced by X-rays by 
an expansion between 1*25 and 1*38, or by an expansion without 
X-rays greater than 1*38, then for some little time after drops 
can be produced by expansions less than 1*25, and these are 
not elimina ted by the action of an electric field. A dense fog 
apparently leaves behind it little drops of water, which, though 
too minu te to be visible, act in the same way as particles of 
dust, producing cloudy condensation with very slight expansions. 
Wilson 1 has also shown that when electricity is discharged from a 
pointed electrode m the expansion chamber, cloudy condensation 
is, as in the case of exposure to X-rays, much increased for ex- 
pansions between 1*25 and 1*38. When the discharge was stopped 
before the expansion took place, it was found that fogs could be 
produced for 1 or 2 minutes after the cessation of the discharge; 
the expansion required to produce the fog diminished as the 
interval after the cessation of the discharge increased, showing 
that some of the nuclei produced had grown during this interval. 
This efiect is probably due to the formation of some chemical 
compound during the discharge, perhaps nitric acid, which by 
dissolving in the drops lowers their vapour pressure. 

86 . Wilson ( loc . cit.) showed that the passage of ultra-violet 
light through a gas (as distinct from the effects produced when it 
is incident on a metallic surface) produces very interesting effects 
on the condensation of clouds. If the mtensity of the light is 
small, then no clouds are produced unless the expansion equals 
that (1*25) required to produce clouds in gases exposed to X-rays. 
If however the ultra-violet light is very intense, clouds are pro- 
duced in air or in pure oxygen, but not in hydrogen, by very 
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much smaller expansions, and the expansion required decreases as 
the tim e of exposure to the light increases; thus the nuclei pro - 
ducing the clouds grow under the influence of the light. If the 
light is exceedingly strong, clouds are produced in air or oxygen 
without any expansion at all , these clouds are exceedingly fine 
and may last for hours after the light is cut off. Wilson was even 
able to produce these clouds in air standing over a 17 per cent, 
solution of caustic potash, and which therefore was not saturated 
with water vapour; in this case the drops lasted for three hours 
after the light was cut off, so that there could be very little 
evaporation from the drops; this, as Wilson points out, shows 
that the drops cannot be pure water. These clouds are probably 
analogous to those observed many years ago by Ty ndall 1 , when 
ultra-violet light passed through air cont aining the vapours of 
certain substances of which amyl-nitrite was the one which gave 
the most striking effects. The effects can be explained by the 
formation under the influence of the ultra-violet light of some 
substance — Wilson suggests that in his experiments it was HgOg — 
which by dissolving in the drops as they form lowers the equi- 
librium vapour pressure, and thus enables the drops to grow under 
circumstances which would make drops of pure water evaporate. 
This explanation is supported by the fact that ultra-violet light 
does not produce these clouds in water vapour by itself or in 
hydrogen- and also by the fact that, unlike the clouds due to 
X-rays, these clouds formed by ultra-violet light do not diminish 
in density when a strong electric field is applied to the gas, 
showing that the nuclei are either not charged or that if they 
are charged they are so loaded with foreign molecules that they 
do not move perceptibly m the electric field. Vincent 2 has ob- 
served movements of these drops m a strong electric field; he found 
that some drops moved in one, others in the opposite direction, 
while there were some which did not move at all. Thus some 
drops are uncharged, others positively or negatively charged. It 
would thus seem that the charges have nothing to do with the 
formation of these drops, the drops merely forming a home for 
the ions produced by the ultra-violet light. 


x J. Tyndall, Phil. Trams. ovL p. 333, 1870. 

2 Vincent, Proc. Comb. PhiL Boo. si. p. 305, 1901. 
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87 . Buisson 1 , who examined this question with great care, 
could not detect any conductivity in the air through which the 
ultra-violet light passed. Lenard 2 has however shown that a 
certain hind of ultra-violet hght which is absorbed so quickly 
by the air as to be extinguished, when the air is at atmospheric 
pressure, within a space of a few centimetres, does produce elec- 
trical conductivity in the gas through which it passes, and that 
a charged conductor placed in the neighbourhood of air traversed 
by these rays loses its charge, and does so much more rapidly 
when the charge is positive than when it is negative. Lenard 
determined the velocity of the negative ions by a method analogous 
to that described on p. 87 and found this velocity through air at 
atmospheric pressure to be 3*13 cm./sec. under a potential gradient 
of a volt per cm.: this is about twice the velocity of the ions 
produced by X-rays; on the other hand the velocity of the 
positive ions under the same potential gradient was not more than 
•0015 cm./sec., which is only about one-thousandth part of the 
velocity of the positive ion produced by X-rays. The greater 
mobility of the negative ions explains why the leak from a 
positively charged body in the neighbourhood of the ionised gas 
is so much more rapid than that from a negatively charged one. 
We shall return to this point in the chapter on the effect of ultra- 
violet hght on gases. 

88 . The results obtained by Wilson and Lenard seem to point 
to the conclusion that when gas is exposed to the action of ordinary 
ultra-violet hght, we have some chemical action taking place, 
resulting in the formation of a product which by dissolving in 
water lowers the vapour pressure over the drops and thus facilitates 
their formation. When these drops are exposed to the influence 
of ultra-violet light of the kind investigated by Lenard, they lose, 
as so many other bodies do when lllummated by light of this kind, 
negative electricity, and it is the negative ions liberated in this 
way which produce the electrical conductivity investigated by 
Lenard. The difference between the action of ultra-violet light 
and X-rays is that the former when very intense can produce 

1 Buisson quoted by Perrin, Thiaea prdsenUea & la Faculty des Sciences de Pans, 
p. 81, 1897. 

s Lenard, Aim. der Phys i. p. 486, in. p. 298, 1900. 
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clouds with, little or no expansion, while the latter cannot, this 
on the theory given above is due to ultra-violet light being more 
efficient than X-rays in promoting chemical action; there are many 
examples of this, e.g the combination of hydrogen and chlorine. 

The influence of minute traces of soluble substances m pro- 
moting the formation of clouds has been shown in a very straight- 
forward way in some experiments made by H. A. "Wilson 1 2 3 4 * . The 
writer* has shown how drops, even if their existence is very 
transient, would facilitate the progress of chemical combination 
between the gases surrounding them, and how this action would 
afford an explanation of the remarkable fact investigated by 
Baker? and Pringsheim.4, that the occurrence of some of the best 
known cases of chemical combination between gases depends upon 
the presence of moisture and does not take place in gases dried 
with extreme care. 

89. Nuclei from metals. C. T. B. Wilson? has shown that 
certain metals produce nuclei which cause cloudy condensation 
when the expansion exceeds 1*25, although the effects are much 
more marked when the expansion is increased to 1*30. The amount 
of this effect depends greatly upon the kind of metal used: amal- 
gamated zinc gives comparatively dense clouds, polished zinc and 
lead also show the effect well; on the other hand polished copper 
and tin produce no appreciable effect. The order of the metals 
in respect to their power of producing nuclei for cloudy condensa- 
tion is the same as their order in respect to their power of affecting 
a photographic plate placed at a small distance from their surface, 
a subject which has been studied by Bussell 6 7 and Colson?. The 
effect produced by the presence of a metal on clouds m hydrogen 
is very slight. 

Although the expansion required to produce cloudy condensa- 
tion when metals are present may be the same as when charged 

1 H. A. "Wilson, PUl Mag. v. 45, p. 454, 1898. 

2 J. J. Thomson, Phil. Mag. v 36, p 313, 1893, JB.A. JFteport, 1894. 

3 Baker, Phil. Trans, cbccuc. p 571, 1888. 

4 Prmgsheim, W%ed. Ann . xxxii. p. 384, 1887. 

5 O.T.R. Wilson, Phil. Trtms. oxoiu p. 403, 1899 

6 Bussell, Proc. Hoy. See bn. p. 424, 1897 , Ixni p. 102, 1898. 

7 Colson, Comptes Jtendws, cxxiii. p. 49, 1896. 
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ions aie produced by X-rays, the metal effect differs from the 
X-ray effect inasmuch as it is not diminished by the applica- 
tion of an intense electric field. These clouds are apparently 
the result of a chemical action between the metal and the gas. 
If a compound is formed which can exist in the air m small 
drops, normally invisible, these may grow to visible size in the 
presence of sufficient moisture, the small size of the original drops 
being compensated by the smaller vapour pressure of a solution 
as compared with pure water. In some cases these clouds are 
formed even when the water vapour is not supersaturated. 

90 . The few nuclei that produce ram-like condensation with 
expansions between 1*25 and 1*38 in gases not exposed to any 
external ionising agent arise from the ionisation which as we have 
seen is present in all gases shut up m closed vessels. In his earlier 
experiments "Wilson was not able to detect any diminution in the 
number of drops when the expansion took place in a strong electric 
field. In some later experiments (PM. Mag. June, 1904) m which 
he used very much larger vessels he was able to show that an 
electric field produced a great diminution in the number of nuclei. 
The absence of this diminution in the small vessels is due to the 
great diminu tion in the number of free ions produced by their 
diffusion to the walls of the vessel, the diffusion producing much 
greater effect in small than in large vessels. This reduction in 
the number of the ions not only makes variation in their number 
more difficult to detect on account of the rapidity with which the 
big drops formed round them fall, but it also enables very weak 
electric fields to remove them from the vessel, so that in small 
vessels small accidental differences of potential might have pro- 
duced saturation before the external field was applied. 

Comparative Efficiency of Positive and Negative Ions in 
producing Condensation of Clouds. 

91 . The writer 1 in 1893 made an experiment with a steam jet 
which showed that negative electrification had a decidedly greater 
effect in promoting condensation than positive. The following 
arrangement was used. A vertical glass tube dipped into the 
steam chamber, and to the top of this tube was fused a horizontal 

I J. J. Thomson, Phil. Mag. v. 36, p. 313, 1893. 



91] ON SOME PHYSICAL PROFEBTIES OF GASEOUS IOYS 321 

cross-piece, the steam issued from nozzles at the ends of the 
cross-piece; into these nozzles pointed platinum wires were fused, 
and these wires were connected with the terminals of a am all 
induction coil. When the coil was ip. action there was great 
condensation in the two jets, but the jet at the nozsHe connected 
with the negative terminal of the coil was always dense r than 
that connected with the positive; this was not due to any want 
of symmetry in the tubes or differences m the nozzles, "for on 
reversing the coil the denser cloud passed from one nozzle to the 
other. No sparks passed between the platinum electrodes, the 
strength of the coil being only sufficient to give a non-luminous 
discharge from their pomts. 



^rrw 




Fig. 83. 


Later in 1898 1 I observed indications of a similar effect when 
clouds were produced by expansion, but the subject was first 
systematically investigated by C. T. R. Wilson* in 1899. Wilson 
investigated the amount of expansion required to make positive 
and negative ions act as nuclei for the condensation of water 
drops; he used several methods, the arrangement of the apparatus 
in one of these bemg shown in Fig. 83. The vessel in which the 
clouds were observed was nearly spherical and about 5*8 cm. in 
diameter. It was divided into two equal chambers by a brass 
partition (about 1 mm. thick) in the equatorial plane; the vessel 

x J. J. Thomson, Phil. Mag. v. 46, p. 628, 1898. 

2 (XT. R Wilson, Phil. Trans. oxani. p. 289, 1899. 
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was cut in two and the edges of the two halves ground smooth, to 
allow them to be easily cemented against the face of the partition. 
The latter was circular and had a narrow strip of brass soldered 
to each face extending all round the circumference except for a 
gap at the top. When the halves of the glass vessel were cemented 
against these strips, a slit was left at the gap about 4-5 cm. long 
and 2*5 mm. wide on each side of the partition. This slit was 
covered with a thin piece of aluminium cemented to the outer 
surface of the glass and to the edge of the brass partition. A thin 
layer of air in contact with each surface of the partition could 
thus be exposed to X-rays from a source vertically over the 
dividing plate. Bach half of the apparatus contained a second 
brass plate parallel to the central plate and 1*8 cm. from it. There 
was room between the sides of these plates and the walls of the 
vessel for the air to escape when the expansion was made. To 
keep the beam of X-rays parallel to the surface of the partition 
a lead screen with a slit 4 mm. wide was placed about 2 cm. 
above the aluminium window of the glass vessel: this screen 
was moved until when both plates were kept at the same potential 
exactly equal fogs were obtained on the two sides. The metal 
plates were covered with wet filter-paper to get rid of any ions 
due to the metal. Suppose now that the middle plate is earthed 
while the left-hand plate is at a lower and the right-hand plate 
at a higher potential. Then it is evident, since the ionisation is 
confined to a layer close to the middle plate, that under these 
circumstances the left half of the vessel will contain positive ions 
and the right half negative ones. Wilson found that with an 
expansion of 1-28 there was a dense fog m the half containing 
the negative ions, and only a few drops in the half containing the 
positive ones, and that this excess of condensation in the negative 
half continued until the expansion was equal to 1-31, when little 
or no difference was to be seen in the clouds in the two halves. 
Care was taken that the potential of the positive plate should 
exceed that of the middle one by the same amount as this exceeded 
the potential of the negative plate. 

The difference between the effects produced by positive and 
negative ions is shown in the following table, where the time of 
fall of the drops is used to measure the number of nuclei which 
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produce condensation; if this number is small, then the water 
drops formed round them will be large and will therefore fall 
rapidly, while if the number of nuclei be large, since there is 
only the same quantity of water to be distributed among them, 
the drops will be small and will fall slowly. Tn the experiments 
referred to m the table there was a potential difference equal to 


Expansion 

Time of fall 
Left side 

Time of fall 
Bight side 

Ratio of times 
negative/positive 

1-28 

positive 5 
negative 15 

negative 16 
positive 3 

3-21 
5 Oj 


1-30 

negative 15 
positive 5 
negative 10 
positive 2 

positive 2 
negative 15 
positive 2 
negative 10 

7-5] 

30 

5*0 

5-0, 

5-1 

1 31 

positive 7 
negative 14 

negative 12 
positive 7 

11 } « j 

1-32 

negative 8 
positive 8 
negative 14 
positive 12 

positive 5 
negative 10 
positive 8 
negative 17 

1-61 
1-2 1 
17 
l-4j 

l 

1 

1*5 

1-33 

negative 12 
positive 12 

positive 10 
negative 13 

1*2] 

1-lj 

- 1-15 

1-35 

negative 10 
positive 10 

positive 10 
negative 10 

1*0\ , n 1 

1-0 J 10 j 

1 


that due to two Leclanch6 cells between the middla plate and 
either* of the outer ones. The words ‘positive* and ‘negative' in 
the table indicate that the positive or negative ions respectively 
were in excess in the region referred to. 

The difference in the rates of fall of the drops with the same 
expansions is due to irregularities in the action of the bulb used 
to produce the X-rays. The negative ions begin to act as nuclei 
for foggy condensation when the expansion is about 1*25, corre- 
sponding to about a fourfold supersaturation, while we see from 
the table that the positive ions do not begin to act as nuclei 
until the expansion is equal to 1*31, corresponding to about a 
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sixfold supersaturation. Wilson has shown that all the negative 
ions are caught when the expansion is equal to 1-28, but that it 
is not until the expansion reaches 1*35 that all the positive ions 
are caught. This is not due to the negative ions having a larger 
electrical charge than the positive; to show this take an expansion 
vessel such as that shown in Fig. 82 and ionise the gas in it by 
X-rays; first produce a fog with an expansion of 1-28 (which 
only brings down the negative ions), and determine the number 
of ions from the time of fall in the way already explained; then 
with the same intensity of radiation produce a cloud by an 
expansion of 1-35, which brings down both the positive and negative 
ions, and again calculate the number of ions; we shall find it twice 
as great as in the first case, thus showing that the numbers of 
positive and negative ions are equal. As the gas as a whole has 
no charge, the total charge on the positive ions must be equal to 
that on the negative, hence as there are as many positive ions 
as negative, the charge on a positive ion must be the same as 
that on a negative one. We shall return to the origin of the 
greater efficiency of the negative than of the positive ions when 
we discuss the theory of the action of ions in promoting con- 
densation. In the meantime we may point out that this difference 
between the ions may have very important bearings on the 
question of atmospheric electricity; for if the ions were to differ 
in their power of condensing water around them, then we might 
get a cloud formed round one set of ions and not round the other. 
The ions in the cloud would fall under gravity, and thus we might 
have separation of the positive and the negative ions and the 
production of an electric field, the work required for the production 
of the field being done by gravity 1 . An action of this kind would 
tend to make the charge in the air positive, as more negative 
ions than positive would be carried down by water drops: for a 
further consideration of this effect we may refer the reader to the 
papers by Elster and G-eitel 2 on the ionic theory of atmospheric 
electricity. 

z J. J. Thomson, Phil Mag. t. 46, p. 628, 1898. 

2 Elster and Geitel, Phys. Z&its. i. p. 245, 1900. 
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Theory of the Effect of Ions on Condensation. 

92. The effect of electrification on the evaporation of drops of 
water was investigated by the writer in Applications of Dynamics 
to Physics and Chemistry, p 165. The general tendency of this 
effect can easily be seen from elementary principles: for if we have 
a drop of water of radius a , carrying a charge e of electricity, its 
potential energy is equal to \e 2 )Ka, where K is the specific inductive 
capacity of the dielectric surrounding the drop. Now as the drop 
evaporates the electricity remains behind, so that e does not 
change while a diminishes, hence the potential energy due to 
the electrification of the drop increases as the drop evaporates; 
thus to make the charged drop evaporate more work has to 
be available than when it is uncharged, so that electrification 
will dimmis h the tendency of the drop to evaporate, and the drop 
will be in equilibrium when the vapour pressure of the water 
vapour around it would not be sufficient to prevent the evaporation 
of an uncharged drop. The surface tension of the water will, as 
was shown by Lord Kelvin, produce the opposite effect; for the 
potential energy due to the surface tension is equal to 4nra 2 T, 
where T is the surface tension; thus as the drop evaporates 
the energy due to surface tension diminishes, so that the work 
required to vaporise a given quantity of water in a spherical 
drop is less than if surface tension were absent or inoperative, as 
it would be if the surface were fiat. Thus a curved drop will 
evaporate when a flat one would be in equilibrium. 

It is shown in Applications of Dynamics to Physics and, 
Chemistry , p. 165, that when Sp, the change in the vapour pres- 
sure due to the electrification and surface tension, is only a small 
fraction of the original vapour pressure p, 

^ + 2Ka) (1); 

or when T does not vary with a, 

Sp = 1 12 T e a ] 1 

p RQ | a 8jrK«*j tr — p* 

o r is the density of water, p that of the vapour, 6 the absolute 
temperature, R the constant which occurs in the equation for 
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a ‘perfect’ gas, p — RQp; in tlie investigation tins equation is 
assumed to hold for the water vapour. When the change in the 
pressure is not a small fraction of the equilibrium vapour pressure 
for an infinitely large drop, then the investigation already alluded 
to shows that the preceding equation has to be replaced by 

RQ (p' -p ) (2 T \ 1 

a \ a> RirKcfi) cr ’ 


RQ log 


P. _i_ 

& n 


where p and p are the equihbrium vapour pressure and d ensit y 
for a drop of radius a, P and p' the corresponding quantities for 
a drop of infinite radius. Since p' — p is exceedingly small com- 
pared with cr, this equation becomes approximately 


RQ log, £ = f — - — 


V a 


SrrKaPj a 


.( 2 ). 


We see from this equation that if e is zero the equilibri um 
vapour pressure p for a drop of finite size is always greater than P, 
so that such a drop would evaporate unless the vapour around 
it were supersaturated; when however the drop is electrified thin 
is no longer the case, for we see from equation (1) that in this 
case if the vapour is saturated, i.e. if the vapour pressure is P, the 
drop will grow until its radius a is given by the equation 

a SirEaf 

Thus if the drop were charged with the quantity of electricity 
carried by a gaseous ion, i.e. 4*77 x 10 -10 electrostatic units, and 
if the surface tension of the small drop were equal to 76, which is 
the value for thick water films, then a would be equal to 1/2*6 x 10 7 , 
and thus each gaseous ion would be surrounded by a drop of 
water of this radius; if we call this radius c, then equation (2) 
may be written 

ROo log e ■p = 2 Tx (1 — x z ) (3), 


where a? = c/a. This equation enables us to find the size of a drop 
corresponding to any vapour pressure. 

For water vapour at 10° 0., RQ is equal to 1*3 x 10®. Putting 
for e the value previously found and T = 76, equation (3) becomes 
approximately 

•33 log* ^ = x (1 — x 3 ) 


(4). 
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From this equation we see that even in a space far from 
saturated with water vapour, i e. when p is only a fraction of P, 
drops will be formed, and that the size of these drops diminishes 
only very slowly as the quantity of water vapour in the sur- 
rounding air diminishes , thus if we dimmish the quantity of water 
vapour in the air to 1/e, i.e. 1/2*7 of that required to saturate it, 
we see from equation (4) that the radius of the drops formed 
round the ions would only be rather more than 10/11 of the radius 
of the drop formed in saturated air: and that to reduce the drop 
to half the radius corresponding to saturation, we should have 
to dry the air so completely that p/P was only about 1/3 \ 10 1S . 
We have seen that there are always some ions in the air, hence 
if there is any water vapour m the air some of it will be condensed 
into fine drops. It has been suggested that these drops play a 
part m certain cases of chemical combination; the preceding 
n um erical example will show the difficulty of getting the gas dry 
enough to produce a substantial reduction in the volume of these 
charged drops. 

Supersaturation required to make one of the Charged Drops 
grow to a Large Size. 

93. As the radius of the drop increases from c to an infinite 
size, x diminishes from unity to zero. Now the right-hand 
side of equation (4) vanishes at each of these limits, but be- 
tween them it reaches a maximum value which occurs when 

4*® = 1 or x — ^ , when x (1 — sr 8 ) reaches the value *471 ; hence 

we see from equation (4) that for the drops to increase to a large 
size log, p/P must reach the value 1*4 approximately. Hence for 
the drops to grow p/P must be about 4*1 this, on the theory we 
have given, is the amount of supersaturation required to make 
large drops grow round the ions. We have seen from Wilson's 
experiment that it actually requires a fourfold supersaturation, 
a very good agreement with theory. 

93*1. Some justification is perhaps required for the use of 
formulae involving the electric energy for a charged sphere in a case 
like this, where the charge usually consists of a single indivisible 
unit, while the ordinary electric theory assumes a continuous 
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distribution of charge. But if we take the case of a small conducting 
sphere it will usually contain a large number of free electrons, 
and the addition of another electron will have the effect of crowding 
the electrons on the surface closer together. This will give rise 
to a repulsion which can do work if the sphere is allowed to 
expand, and this is all that is required to make the argument valid. 
In the actual case of a water drop of the size under consideration 
it may perhaps be doubted if there are sufficient free ions to 
produce a sensibly uniform distribution of charge over the surface, 
but it must be remembered that, the large dielectric constant of 
water makes it act in electrostatic problems very like a conductor 
quite apart from the existence of ions. The dielectric constant 
is due to the polar molecules and these are sufficiently numerous 
to act sensibly as a continuous medium, the charges at their ends 
taking the place of the free electrons in the conducting case. 

94 . Wilson showed that even when there is no external ionisa- 
tion, a dense cloud the nuclei of which are not charged is produced 
by an eightfold supersaturation: we can by the aid of equation (2) 
determine the radii of these nuclei, supposed spherical; put ting 
in that equation e = 0, T = 76, R8 = 1*3 x 10 9 , and pjP = 8, we 
find that a, the radius of the nucleus which produces this kind of 
condensation, is equal to 1/1*9 x 10 7 . This nucleus is thus 
slightly larger than the drop which collects round an ion, as we 
found that the radius of this drop is 1/2*6 x 10 7 . With regard 
to the nature of the nuclei which produce the cloud corresponding 
to the eightfold supersaturation, Wilson has proved that the 
amount of supersaturation required to produce the cloud is the 
same in air, oxygen, hydrogen and carbonic acid; the size of 
the nuclei is therefore the same in all these gases; it is thus very 
improbable that they consist of aggregations of the molecules of 
the gas; it would seem most likely that they are minu te drops 
of water which are continually being formed from the saturated 
vapour and then evaporating, but lasting sufficiently long to 
enable them to be caught during the sudden expansion, and to 
act as the nuclei round which the drops in the cloud condense. 
These minu te drops of water are not however all of the same 
size, for after passing the expansion 1*38 the density of the cloud 
increases very rapidly as the expansion increases, showing that 
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many more nuclei become efficient when the expansion mcreases. 
This behaviour of the cloud indicates that there are little drops 
of water of different sizes, the small ones being more numerous 
than the larger ones, and that there is a fairly definite limit to 
the size of the drop, the number of drops whose size exceeds 
this limit being too small to produce an appreciable cloud. This 
collection of drops of different sizes is what we might expect if 
we regard the little drops as arising from coalescence of molecules 
of water vapour, and the larger drops from the coalescence of the 
smaller ones. 

95. The fact that the drops are of different sizes indicates that 
they are not in a state of equilibrium with regard to evaporation 
and condensation, and the drops have probably a very ephemeral 
existence. The following considerations show that on the view of 
the relation between surface tension and the tbiclmeas of water 
films, to which Remold and Rucker were led by their experi- 
ments on very thin films, drops of pure water of a definite radius 
might be in equilibrium with saturated water vapour even if they 
were not charged. 

Effect on the Condensation of Va/nation of Surface Tension 
with the Radius of the Drop. 

96. When a liquid film gets very thin its surface tension 
no longer remains constant but depends upon its thickness. 
Tor very thin films theory indicates (see Lord Rayleigh, Phil. 



Mag. v. 33) that the surface tension would be proportional to 
thft square of the thickness, while the experiments of Remold 
Rucker show that the surface tension has a maximum value 
for a thickness comparable with that of the dark spot in soap 
filma ; more recent exp erim ents by Johannot have made it probable 
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that, considering the surface tension as a function of the thickness, 
there is more than one maximum. Taking for simplicity the case 
when there is only one maximum the relation between the surface 
tension and the thickness is represented by a curve of the character 
of Pig- 84, the ordinates representing the surface tension, and the 
abscissae the thickness. 



When the surface tension varies with the radius of the drop 
equation (1) becomes 

P 2 T . dT e z 


crRdl + 


.(5). 


p r dr f^rKr* 

Prom Pig. 84, taking r to represent the thickness of the film. 


we see that when r = 0, — + vanishes, and that this quantity 

will attain a maximum and then diminish as r increases; we shall 
take the case when it goes on diminishing until it vanishes and 

2J 7 

changes sign. Then — — I- will be represented by a curve of 

the type of Pig. 85. 



96] ON SOME PHYSICAL PROPERTIES OP GASEOUS IONS 331 

Let us first take the case when the drop is uneleetrified. 
Equation (5) shows that the radius of a drop when the vapour 
pressure is p can be got by drawing a horizontal line at a distance 

oRQ log e above the horizontal axis of coordinates and finding 

where it cuts the curve. 

We see now, when we take the variation of surface tension into 
account, that even the slightest supersaturation will produce some 
condensation, but that these drops will be exceedingly small 1 , and 
will evaporate as soon as the supersaturation ceases. Let us 
suppose however that we produce enough supexsaturation to carry 
the drop represented by the point A on Fig. 85. When once the 
drop has got past this point the equilibrium vapour pressure gets 
smaller as the drop gets bigger, so that water will condense on the 
drop and the drop will increase in size, but the bigger it gets the 
smaller the equilibrium vapour pressure and the faster it grows; 
in fact the region between A and G is unstable, and when once 
the drop has got past A it will become large enough to be visible. 
This I think is the explanation of the dense cloud which C. T. R. 
Wilson found is produced even in the absence of ions by an 
eightfold supersaturation — this supersaturation is required to 
carry the drop past A. 

Let us now consider the reverse process, the evaporation of 
a drop already formed. To fix our ideas let us suppose that the 
drop is originally in an atmosphere saturated with water vapour 
and that the temperature is gradually raised so that the surrounding 
atmosphere is no longer saturated. The drop will evaporate until 
it gets to the state represented by the point JS; now evaporation 
becomes more diffi cult because as the drop gets smaller the equi- 
librium vapour pressure gets smaller and to get the drop past 
the state represented by the point C will require a finite rise in 
temperature (i.e. will require the temperature to be raised until 
the amount of water vapour in the air is only a definite fraction of 
the saturation amount at that temperature), just as in the reverse 
process it required the temperature to be lowered a finite amount 
to carry the drop past A. If the rise in temperature is not 

x Of course drops would not be formed if the radius indicated by theory were 
smaller than the radius of a water molecule. 
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sufficient to carry the drop past C the drop will not wholly evaporate, 
but will be in equilibrium when its radius is between OD and 00, 
thus all these residual drops will be within comparatively narrow 
limit s of size; when the temperature of the drop is the .same as 
that of the air all these drops will have a radius OD. These small 
and invisible drops of water will greatly facilitate the formation 
of a cloud when next supersaturation takes place, since these drops 
to grow to visibility will only require the supersaturation corre- 
sponding to E, while if they were not present to begin with, the 
supersaturation required to produce a cloud would be that corre- 
sponding to A. This explains the well-known fact that when 
once a cloud has been formed, it only requires very slight super- 
saturation to produce another after a short interval. 

So far we have only been dealing with uncharged drops; when 
the drops are charged we must use 


instead of 


2 T dT _ e 3 
r dr 87rKr 2 

2T dT 

V + dr ’ 


the dotted curve represents the graph of this quantity, the super- 
saturation required to produce visibility corresponds to A' and 
is less than that for an uncharged drop. 

The principles of the preceding theory ought to apply to the 
phenomena attending the supersaturation of salt solutions; we see 
that only a finite and definite amount of supersaturation could 
occur without deposition of salts, and that amount would be 
diminished by the presence of ions. 


Difference between the Actions of Positwe and N egative Ions 
in producing Condensation. 

97. The production of electrification by the splashing of 
drops and bubbling through water suggests that at the surface 
of a drop of water there is a double layer of electrification, i.e. a 
layer of one sign at the surface of the drop and a layer of the 
opposite sign in the gas, the distance between the two layers being 
very small. If a layer of this kind existed it would produce a 
difference between the condensing powers of positive and negative 
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ions. Perhaps the easiest way to see this is to notice that bv 

p . J 

equation (2) 0 R 8 log e — is equal to the excess of pressure at the 

Jr 

surface of the water over the atmospheric pressure ; for 2 T;r is 

the pressure due to the surface tension, while or is 

BfrrKr* 

the tension due to the electric field. If there is a double layer at 
the surface of the drop the expression for the tension must be 
modified; if V is the difference of potential between these layers 
due to their charges, and d the distance between the layers, then 
even when the drop is electrically neutral there is a tension equal to 

IT Fa 
8 m- d z 

on the surface of the water, so that 

™ i P 2 T 
crRd log,, - = — 

T 


1 EV 2 
8 tt d z 


.(6). 


Now suppose the drop of water has a charge e, the electric 
force at the surface of the water will be 

V +- e - 

Kr*’ 

and the tension on the surface will be 


+ 


Thus 


K (V 

&n-\d 

•nn i P 2 T 

*Rd log, - — — 
2 T 

~ T 


— I* 

Kr 3 ) * 


k (i + _?_y 

8ttU + 

1 e 2 V 


e 


8tt K. 1 * 4md i 3 


K V 2 
Sir d 3 * 


Comparing this expression with (6) we see that the effect 
of the charge is to diminish the right-hand side by 

1 e 2 Ve . 

8 7 r Kr* 4mdr z ’ 

Ve 

now if positive the effect of the double layer will be to 

promote condensation, while if this term is negative the layer will 
retard condensation. Thus the layer will make an ion of the sign 
which produces at the surface of the drop an electric field in the 
nn-TTift direction as that due to the double layer, more effective as 
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a condenser than an ion of the opposite sign. Thus if the double 
layer in the case of water had the negative coating inside, a negative 
ion would be more efficient in producmg condensation than a 
positive one. When a fresh surface of water is exposed to air we 
have seen that the air gets negatively electrified; we may regard 
this as indicating that an equal quantity of positive goes to the 
water surface to form the outer coating of the double layer, so that 
this double layer has the negative side next the water, the positive 
side next the air. 

We know that in some liquids the electrification produced by 
bubbling air through them is positive instead of negative; in such 
liquids the outer coating of the double layer should be negative, 
and for these the positive ion should be a better condenser than 
the negative. Przibram 1 has shown that clouds formed in the 
vapour of alcohol and of some other organic substances condense 
more easily on positive ions than on negative ; he considers however 
that the difference is due to differences in the relative sizes of 
the ions. 

Laby 2 and Andren 3 have measured the expansions required 
to give clouds in the vapours of a number of organic substances. 

97 * 1 . A most important development of the cloud method is 
due to C. T. R. Wilson 4 , who has used the property of condensation 
on ions to make visible the ionisation produced by various agencies 
such as cc-rays, fast electrons and X-rays. His method is to make 
an expansion immediately after the gas in the chamber has been 
ionised, and to take an instantaneous photograph of the drops 
formed on the ions before the air currents in the chamber have 
had time to move them appreciably from the positions in which 
they were formed. In this way the distribution of the ionisation 
due to the rays can be studied m a peculiarly direct manner. The 
expansion chamber used was generally larger than that in the 
experiments described above; thus m some recent work it was 
a flat cylinder 3 cm. high and 16-5 cm. in diameter. The plunger, 
whose movement produces the expansion, was of brass and flat, 

1 Przibram, Wien. Benehf. Peb. 1906. 

2 Laby, Phil. Trams. A, coviii. p. 446, 1908. 

3 Andren, Ann. der Phys (4), In p. 1, 1917. 

4 Proc. Boy. Soc. A, lxxx v p. 286, lxxxvii p. 277; civ pp. 1, 192. 
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forming the -whole base of the chamber. In order to determine 
the distribution in space of the drops, photographs were taken 
simultaneously from two directions and the result viewed stereo- 
scopically. An electric field of about 3 volts per cm. was main- 
tained between the top and bottom of the chamber This served 
to remove old ions which would otherwise cause c onfusion 

With this apparatus the track of each a-ray or fast electron 
appears as a line of drops. In the case of the a-ray the hue is 
straight for most of its length, and the drops are densely crowded 
along it so that it appears as a continuous streak. In some cases 
clearly defined bends occur showing that the ray has been appre- 
ciably deflected by a single collision. Frequently a short spur 
occurs at the bend attributed to the recoil of the atom causing 
the deflection. Occasionally the track forks, usually tip^ t the pu d, 
which is attributed to the ray having given sufficient energy to an 
atom of the gas in the chamber for it also to ionise (Fig. 1 
Plate II). 

With very fast electrons the tracks are also straight, but the 
drops are much more sparsely spaced along it, as would be expected 
from the fact that such electrons produce far fewer ions per cm. 
of path than an a-ray. The slower electrons show irregularly 
curved tracks with the drops spaced at irregular intervals, there 
being usually a concentration at the end of the track (Fie. 2, 
Plate II). 

The passage of a beam of X-rays through the chamber shows 
up as a network of tracks identical with those of electrons whose 
speed is the greater the harder the X-rays. This shows that the 
great bulk of the ionisation by X-rays is indirect, the effect of 
the X-rays being to eject from the molecules of the gas a few fast 
electrons which then produce the bulk of the ionisation by collision 
with other molecules. In addition to these long tracks 'Wilson 
finds a number of isolated short ones, some visible merely as 
spheres, others, which he calls ‘fish tracks,’ c onsisting of a fine 
trail of drops leading up to a collection of drops as a head. These 
last two classes merge into each other. They are attributed to 
much slower electrons produced either by secondary X-rays 
excited in the gas or as a kind of ‘recoil’ by the scattering of the 
primary X-rays (Fig. 5, Plate II). 
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In order to increase the distance between successive ions "Wilson 
has worked at pressures much below atmospheric, down to a final 
pressure of about 10 cm. of mercury. In this way it has been 
possible to detect each individual pair of ions, the positives and 
negatives being slightly separated by the action of the field during 
the short interval between ionisation and taking the photograph. 
Such a track is shown in Fig. 4, Plate II. 

The importance and beauty of this method of investigation 
can hardly be exaggerated, as it gives such a direct insight into 
the actual formation of the ions which can be studied individually. 



and not merely statistically as in almost all other methods. The 
consequences deduced from it and the interpretation of the different 
kinds of track will be discussed in detail when we come to consider 
the mechanism of the different types of ionisation concerned. 

As some of the most interesting phenomena are of very rare 
occurrence it is important to be able to make a large number of 
experiments in a reasonable time. Shimidzu 1 has devised a 
modification of the apparatus in which the expansion is ma de by 
moving the piston mechanically with a reciprocating motion, 
which obviates the necessity of resetting it by hand each time. 
This was especially intended for the investigation of a-ray tracks 
and in this case the source of ionisation is kept permanently in 
position, the old ions being removed by switching on a strong 
electric field between each expansion. Two or three expansions 


I Shimidzu, Proc. Roy. 800. xcix. p. 425 , 1921 . 




Big 1. Tracks of a-iays 





Big 2. Fast j8-ray tracks. 



Fig 3 Beam of X-rays 





PLATE II 



Fig. G. *Fib1i* track (magnified). 
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can. be made per second, and the tracks are photographed by two 
cinematograph cameras viewing the chamber from directions at 
right angles. The apparatus is shown in Fig. 86. Here H is 
the piston, and K the space in which the expansion occurs, while 
the amount of expansion can be altered by moving the pivot F 
about which the arm D oscillates. This is done by means of the 
screw C. 



CHAPTER IX 


IONISATION BY INCANDESCENT SOLIDS 

98. We shall now proceed to the study of some special cases of 
ionisation, beginning with that due to incandescent metals. That 
the a ir in the neighbourhood of red-hot metals is a conductor 
of electricity has been known for about two centuries; the earliest 
observations seem to have been made by Du Fay 1 in 1725, by Du 
Tour 2 3 4 in 1745, by Watson3 in 1746, by Priestley^ in 1767, and 
by Cavallo 5 in 1785. Becquerel 6 7 m 1853 showed that air at a 
white heat would allow electricity to pass through it even when 
the potential difference was only a few volts. Blondlot7 co nfir med 
and extended this result, and proved that air at a bright red heat 
was unable to ins ulate under a difference of potential as low as 
1/1000 of a volt; he showed, too, that the conduction through 
the hot gas was not in accordance with Ohm’s law. Recent 
researches have thrown so much light on the causes at work in the 
ionisation of gases in contact with glowing solids, that it is un- 
necessary to enter into these earlier investigations in greater 
detail. Guthrie 8 seems to have been the first to call attention to 
one very characteristic feature of ionisation by incandescent metals, 
i.e. the want of symmetry between the effects of positive and nega- 
tive electrification. He showed that a red-hot iron ball in air 
could retain a charge of negative but not of positive electrification, 
while a white-hot ball could not retain a charge of either positive 
or negative electrification. 

1 Du Eay, M&m. de V Acad. 1733. 

2 Du Tour, Mdm. de Mathimatigue et de Phystque 9 xi. p. 24 6, 17 55. 

3 Watson, Phil. Trans, abridged, x. p. 296. 

4 Priestley, History of Electricity , p. 579. 

5 Cavallo, Treatise on Electricity, i. p 324. 

6 Becquerel, Annales de Ohimie et de Physique , rii. 39, p. 355, 1853. 

7 Blondlot, Corrvptes JEtendus, xcn. p. 870, 1881; civ. p. 283, 1887. 

8 Guthrie, Phil. Mag . iv. 46, p 257, 1873. 
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99. The ionisation produced by incandescent metals was in- 
vestigated systematically in great detail by Bister and Geitel 1 , 
who used for this purpose the apparatus represented in Fig. S7. 
This is a glass vessel containing an insulated metal plate A. 
which is connected with one pair of quadrants of an electrometer. 
Underneath this plate there is a fine metallic wire, which q«t> 
be raised to incandescence by an electric current passing through 
the leads O, D; to prevent any disturbing effects arising from the 



change produced by the current in the electric potential of the 
wire, the middle point of the wire was connected with the earth. 
Let us first take the case when the gas in the vessel is air or 
oxygen at atmospheric pressure, then, as soon as the glow of 
the hot wire begins to be visible, the metal plate receives a 
jposvtvoe charge; this charge increases until the potential of the 
plate reaohes a value which vanes very much with the dimensions 
of the apparatus used; in Bister and G-eitel’s experiments it was 
of the order of a few volts. This potential increases as the 

i Bister and Geitel, Wied. Amm. ztl p. 193, 1882; sis. p. 588, 1883; nri. p 123, 
1884; xxvi. p. 1, 1885; xxxi. p. 109, 1887; xxxvn. p 316, 1889, W*en. Benefit. 
xovix. p. 1175, 1889. 


a 2-2 
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temperature of the wire increases, until the wire is at a yellow. heat; 
at this stage the potential of the plate is a maximum. After passing 
this stage the potential diminishes as the wire gets hotter and 
hotter, until at a bright white heat the charge received by the 
plate is very small. 

The electrification on the plate is very much influenced by the 
pressure of the gas. Starting at atmospheric pressure and gradually 
exhausting the vessel, we find that at first the change of pressure 
does not produce any great effect upon the potential of the plate A, 
but when we approach very high exhaustion, such as that m 
Crookes’ tubes, the potential of the plate begins to diminish, until 
at very low pressures it changes sign and may as the exhaustion 
proceeds reach a very large negative value. The pressure at 
which the change in sign of the electrification of the plate takes 
place depends upon the temperature of the wire, the higher the 
temperature the higher the pressure at which the reversal of the 
electrification occurs. Again, long-continued incandescence of the 
wire favours the negative electrification of the plate; the physical 
condition of the platinum wire is changed by long-continued 
heating, and the wire becomes brittle. The following experiment, 
due to Elster and Geitel 1 , seems to indicate that the gases absorbed 
in the platinum wire and which are gradually, but only very 
gradually, expelled by long-contmued heating, play a considerable 
part in the electrical phenomena connected with the incandescence 
of metals. They found that if the platinum wire was kept glowing 
in a fairly good vacuum long enough for the metal plate to receive 
a negative charge, the introduction of a very small quantity of 
fresh gas reversed the sign of electrification on the metal plate, 
and the pressure had to be reduced far below the original value 
for the negative electrification to be recovered. 

100. The effects are also complicated by the dust and vapour 
given off by the glowing platinum, which form a deposit on the 
walls of the vessel. The production of this dust can very easily be 
shown by the study of clouds formed by the method described in 
Chap. Till. If a fine platinum wire is fused into the expansion 
apparatus, and the air rendered dust-free in the usual way, so that 
no clouds are produced by an expansion less than 1*25, dense 
z Elster and Geitel, Wien. Bencht . xevii, p. 1175, 1889. 
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clouds will be formed by comparatively small expansions after 
a current has been sent through the wire strong ^nm igh to raise it 
to incandescence 1 ; indeed it is not necessary to ma W the wire so 
hot as to be luminous, an increase in the temperature of the wire 
to 200 or 300° C. is sufficient to produce the cloud 

The sign of the electrification produced by glowing substances 
is influenced by the nature of the substances and of the gas sur- 
rounding them; thus in hydrogen Elster and Geitel 2 showed that 
the plate above the incandescent wire became negatively electrified 
even when the hydrogen was at atmospheric pressure. This 
electrification continually increased with the temperature. To get 
the negative electrification, however, the wire must be at least 
at a bright yellow heat; at lower temperatures the electrification 
is positive; a clean copper wire, on the other hand, gives a positive 
electrification in hydrogen, unless the pressure is very low. 

Elster and Geitel showed that the sign of the electrification 
in water vapour and the vapours of sulphur and phosphorus was 
the same as in air; they could detect no electrification in mercury 
vapour. 

101. The influence of the nature of the incandescent substance 
is shown by the fact that with incandescent carbon filaments the 
electrification on the metal plate is always negative. It is also 
shown clearly by some experiments made by Branly3. Branly’s 
method was as follows : he hung up a charged insulated conductor 
in the neighbourhood of the incandescent body; he found that 
when the latter was a piece of platinum at a dull red heat the 
insulated conductor lost a negative but not a positive charge; when 
the platinum was white hot the conductor was discharged whether 
electrified positively or negatively. If the incandescent body was 
an oxide and not a pure metal, at any rate if it was an oxide of 
one of the metals tried by Branly, viz. lead, aluminium or bismuth, 
then it would discharge a positively electrified body but not a 
negatively electrified one, which is exactly opposite to the effect 
produced by a pure metal at a dull red heat. 

1 R. v Helmholtz, Wied. Arm. xxadl p. 1, 1887. Lodge, Nature, xxsi p. 267. 
1884. 

2 Elster and Geitel, Wied Arm za an. p. 109, 1887. 

3 Branly, Comptes Sendus, cxrv. p. 1631, 1892. 
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102 . M c Clelland 1 sucked the gases from the neighbourhood of 
the incandescent wire and then investigated their properties. He 
found that as soon as the wire began to glow the gas would dis- 
charge a negatively but not a positively electrified body; when 
the temperature of the electrified body was increased by about 
400° C. the gas began to discharge a positively electrified body, 
though not so freely as it did a negatively electrified one; when 
the wire got to a bright yellow heat the gas discharged both 
positive and negative electricity with equal facility. M°Clelland 
investigated the laws of conduction of electricity through the gas 
which had been in contact with the glowing wire; he found that it 
showed all the characteristics of conduction through a gas con- 
taining ions ; thus the relation between the current and the electro- 
motive force is represented by a curve like Fig. 5, the current 
soon reaching saturation. McClelland also determined the velocity 
in an electric field of the ions produced by the incandescent metal. 
He found that their velocity was small compared with that of the 
ions produced by X-rays, and that the hotter the wire the smaller 
was the velocity of the ions. 

102 * 1 . When the experiments are made in vacuo the nature 
of the ions is very different. The ratio of the charge e to the 
mass m of the carriers of negative electricity from an incandescent 
wire has been determined by the method of Art. 67. The results, 
given in Art. 69, are conclusive in showing that the value of e/m 
for these ions is the same as its value for cathode rays and for the 
carriers of negative electricity from metals placed in a good 
vacuum and illuminated by ultra-violet light. Thus the negative 
electric discharge from a hot wire is due to the emission of electrons. 

The small mobilities found by M°Clelland for the negative ions 
must be attributed to the loading up of the electrons originally 
formed by molecules of air and probably also by particles spluttered 
from the hot metal. The mobilities of the positive ions, the 
existence of which depends on the presence of traces of salts on 
the metal, are considered further on p. 397. 

103 . The account we have already given of the effects observed 
in the neighbourhood of an incandescent wire shows that the 

I McClelland, Proo. Comb. Phil Soc. x. p. 241, 1900. 
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electrification produced in this way is a very complicated pheno- 
menon, and depends* 

(1) On the temperature of the wire. 

(2) On the pressure of the gas around the wire. 

(3) On the nature of the gas. 

(4) On the nature of the incandescent wire. 

We shall simplify the investigation of the cause of this electrifi- 
cation if we study a case in which as many as possible of these 
effects are eliminated. Now (2) and (3) are e liminat ed if we work 
with the highest attainable vacuum; in this case the phenomena 
are greatly simplified and exhibit points of remarkable interest. 
To investigate them we may use a piece of apparatus lil™ that 
shown in Fig. 88. It consists of a straight piece of fine wire AJB, 



Fig. 88 


which can be heated to any desired temperature by an electric 
current led in through the leads CA, DB. Around this wire and 
insulated from it is a metallic cylinder, shown in section in BF and 
GH , this cylinder should be longer than, and coaxial with, the 
wire. This system is sealed into a glass vessel connected with an 
air-pump and the pressure reduced as low as possible. It is 
desirable to keep the wire red hot for a very considerable time 
(I have found a week not too long), in order to expel gases ab- 
sorbed in the wire; until these are got rid of the behaviour of the 
wire is very irregular. The vessel should be pumped from time 
to time while the wire is hot, to get rid of the gases coming out 
of the wire; it will be necessary to exhaust the vessel from time 
to time, even after these have been expelled, as the heat coming 
from the wire seems to liberate gas from the walls of the glass 
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vessel and the metal cylinder. Connect the hot "wire to one 
ter minal of a battery and the cylinder to the other, and place in 
the circuit a sensitive galvanometer. If now the wire be made 
red hot and connected with the negative pole of the battery, an 
appreciable current will go through the galvanometer, if, however, 
the terminals are reversed so that the hot wire is connected with 
the positive pole of the battery, the current which passes is too 
small to be detected by the galvanometer, thus there can be a 
current through the exhausted vessel when the negative electricity 
goes from the hot wire to the cold cylinder, but not an appreciable 
one when the positive electricity would have to go from the wire 
to the cylinder; the system can thus transmit a current m only 
one direction. The current does not obey Ohm’s law at first 
it increases with the electromotive force, but it soon reaches a 
saturation value beyond which it does not increase, even though 
the electromotive force is mcreased, provided the increase in the 
electromotive force is not sufficient to enable the electric field 
itself to ionise the gas. 

103 * 1 . The value of the field required to produce saturation in 
a vacuum increases with the temperature of the filament. "With 
a given difference of potential a stage is reached when further 
increase in the temperature causes no increase in the current 
flowing. This is due to the effect of the volume charge of the 
electrons in opposing the current, so that this is determined by 
the power of the electric field to get the electrons away from the 
neighbourhood of the hot wire and not by the number which the 
wire is capable of emitting. 

104 . The saturation current increases very rapidly with the 
temperature. This is well shown by the curve in Fig. 89, which 
represents the results of the experiments made by O. W. Richard- 
son 1 , in the Cavendish Laboratory, on the saturation current 
between a hot platinum wire and a metal cylinder surrounding it 
in a high vacuum. The temperatures were obtained by measuring 
the resistance of the wire. Richardson found that the relation 

I O. W. Richardson, Proo Camb. Ph%l . Soc xu p. 286, 1902, Phil. Trans . 
ccL p. 516, 1903. 



104] IONISATION- BY INCANDESCENT SOLIDS 343 

between the saturation current I and the absolute temperature 
6 could be expressed by an equation of the form 

1 = aflft e~* , 

for the curve in Fig. 89, 

a = 1-51 x 10 28 , b = 4-93 x 10*. 



Temperature Centigrade. 
Fig. 89. 


In the case of this wire the current amounted to about 
4 x 10~ 4 amperes at the temperature 1500° C., which represents 
a rate of emission of negative electricity from the hot wire of above 
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one milliampere per square centimetre of surface If the same 
formula held up to the melting point of platinum, which we shall 
take to he 2000° C., the rate of emission of negative electricity 
from the glowing wire would be about 1/10 of an ampere per 
square centimetre. 

The rate of escape of negative electricity from glowing carbon 
in some cases greatly exceeds that from glowing platinum. This 
is no doubt chiefly owing to the fact that the carbon can be 
raised to a much higher temperature than the platinum. Richard- 
son has obtained from carbon filaments in a good vacuum currents 
of the order of an ampere per square centimetre of surface. 

104 * 1 . T ungs ten, which melts at 3270° C. and is the most 
refractory material known, can give enormous currents. Thus 
Richardson records a current of 0*4 amp. from a wire which took 
0*8 amp. heating current. In this case the thermionic current 
density was 4 amp. per sq. cm. Richardson 1 has investigated the 
leak from hot sodium and found that it is very much greater than 
that from platinum at the same temperature and could be detected 
at temperatures as low as 200°-300° 0. With most substances no 
current can be detected with a galvanometer below about 1000°. 

104 * 2 . It was early discovered that some compounds emit 
negative electricity even more copiously than most metals at the 
same temperature. Thus Wehnelt 2 found very large emissions 
from the oxides of the alkaline earths. Horton showed that the 
emission from lime between 700° C. and 1400° C. was much greater 
than that from calcium. Owen 3 and Horton examined the 
emission from Nernst filaments, which is smaller than that from 
the alkaline earths. In all these cases the emission 'varies with 
temperature in the same way as for metals. Wehnelt used his 
discovery to produce large discharges in gases with small potential 
differences. By using as a cathode a strip of platinum heated 
by an auxiliary current and with a little lime or barium oxide on 
it, the cathode fall of potential is greatly reduced owing to the 
electrons emitted neutralising the positive space charge. 

x Richardson, Phil. Trans cci. p. 516, 1903. 

3 Wehnelt, Ann. der Phys. si v. p. 425, 1904. 

3 Owen, Phil. Mag . vni. p. 230, 1904. 
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There was some difficulty in the early experiments with coated 
metals owing to the oxide splitting off from the metal. Filaments 
are prepared by the Western Electric Co. of America which have 
overcome this difficulty. Deininger 1 2 found that the emission from 
wires of platinum, carbon tantalum and nickel covered with lime 
was the same in all cases. Owing to the commercial importance 
in wireless telegraphy of valves using a hot wire as a source of 
electrons, many experiments have been made with the object of 
obtaining wires with a high emission at a low temperature. It is 
found that tungsten can be covered with a thin film of caesium 
an atom thick, which shows the very high emission to be expected 
of caesium. Similar films can be obtained from thorium originally 
present in the metal in the form of oxide and made to diffuse to 
the surface, and be reduced by suitable heat treatment 3 4 5 . It is 
even possible to obtain wires in which a thm, probably mono- 
molecular layer of oxygen is covered by the monatomic layer 
of caesium. 

Bichar dson 3 has found that other compounds beside oxides 
have the power of emitting electrons when heated, and considers 
that it is probably a common property of all forms of matter 
stable enough to exist at a high temperature. He found that 
the following salts emitted electrons at a comparatively low 
temperature: the iodides of calcium, strontium, barium and 
cadmium, calcium fluoride, calcium bromide, manganous chloride 
and ferric chloride. In these cases there was, in addition to the 
electronic emission, an emission of negative ions of atomic dimen- 
sions. The proportion varied with the temperature and other 
conditions, the tendency being for the proportion of electrons to 
increase with rising temperature. 

105. The escape of negative electricity from glowing carbon in 
high vacua is the cause of an effect observed in incandescent 
electric lamps, known as the Edison effect, and which has been 
studied by Preece* and in great detail by Fleming^. The ‘Edison 

1 Deminger, Amu der Phys. xxv. p. 285, 1908. 

2 Langmuir, Phys. Bev. xxii p. 357, 1923. 

3 Richardson, Phil Mag . xxvu p 458, 1913. 

4 Preece, Proc. Boy . Soc . xaccviii. p. 219, 1885. 

5 Homing, Ptoc. Boy . Soc. xlviu p. 118, 1890; Phil. Mag xlii. p. 52, 1896. 
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effect’ is as follows: Suppose that ABC represents the carbon 
filament of an incandescent lamp, and that an insulated metal 
plate is inserted between the filaments; then if the positive end A 
of the filament is connected with a wire D leading from the 
metallic plate and a galvanometer inserted between A and D, a 
considerable current, amounting in some of 
Fleming’s experiments to three or four milli- 
amperes, passes through the galvanometer, 
the direction of the current being from A 
to D through the galvanometer. If, how- 
ever, the metal plate is connected with the 
negative electrode of the lamp and a gal- 
vanometer inserted in this circuit, the 
current through the galvanometer is exceed- 
ingly small compared with that observed 
in the preceding case. We see that this is 
what would occur if there was a vigorous 
discharge of negative electricity from the negative leg of the carbon 
filament, and no discharge or a much smaller one from the positive 
leg, this would tend to make the potential of the metal plate differ 
but little from that of the negative leg of the carbon loop, while 
the difference of potential between the positive leg and the plate 
would be nearly that between the electrodes of the lamp, and con- 
sequently the current through a circuit connecting the positive 
electrode to the metallic plate would be much greater than through 
one connecting the negative electrode to the plate. 

Fleming showed that when the negative leg of the carbon loop 
was surrounded by a cylinder made either of metal or of an 
insulating substance, the Edison effect disappeared almost entirely. 
Fleming too found, as Elster and G-eitel had previously shown by 
a somewhat different method, that a current of electricity could 
pass between an incandescent carbon filament and a cold electrode, 
if the direction of the current was such as to cause the negative 
electricity to pass from the hot filament to the cold plate, and that 
a current would not pass in the opposite direction. Elster and 
Geitel showed, too, that a plate placed near an incandescent 
filament received, even in very high vacua, a charge of negative 
electricity. The behaviour of the hot filament shows that it, like 



Fig. 90. 
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the incandescent platinum wire, emits negative 
That the emission from, the carbon filament is mn^Ti greater t.^an 
that from the platinum wire — great as we have seen the latter to 
be — is shown by the fact that although, as Fleming (loc. cit ) 
has shown, the * Edison effect * can be observed with an irw»an^B gc ?D t 
platinum wire in place of the carbon filament, the effect from 
platinum is exceedingly small compared with that from carbon, 
and is only appreciable when the platinum is so hot that it is on 
the point of melting. 

Selenyi 1 has shown the existence of an appreciable electron 
current m an ordinary electric lamp by observing a decrease in 
the current in a strong magnetic field. 

106. We have been led to the conclusion that from an in- 
candescent metal or glowing piece of carbon electrons are pro- 
jected, and the rate of emission amounts in the case of a carbon 
filament at its highest point of incandescence to a current equal 
to several amperes per square centimetre of surface. This fact 
may have an important application to some cosmical phenomena, 
since, according to the generally received opinion, the photosphere 
of the sun contains large quantities of glowing carbon; this carbon 
will emit electrons unless the sun by the loss of its electrons at 
an earlier stage has acquired such a large charge of positive 
electricity that the attraction of this is sufficient to prevent the 
negatively electrified particles from getting right away from the 
sun; yet even in this case, if the temperature were from any 
cause to rise above its average value, electrons would stream 
away from the sun into the surrounding space. We may thus 
regard the sun, and probably any luminous star, as a source of 
negatively electrified particles which stream through the solar 
and stellar systems. Now when electrons moving at a high speed 
pass through a gas they make it luminous, thus when the electrons 
from the sun meet the upper regions of the earth’s atmosphere 
they will produce luminous effects. Arrhenius 3 has shown that 
we can explain in a satisfactory manner many of the periodic 
variations in the Aurora Borealis if we assume that it is caused 


x Selenyi, Zeitaohnftf tedhn. JPhya. v. 9, p. 412, 1924. 

2 Arrhenius, JPhyaikaliache ZeitacJvrift, li. pp. 81, 97, 1901. 
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by electrons from the sun passing through the upper regions 
of the earth’s atmosphere. 

The emissi on of electrons from incandescent metals and carbon 
is r eadily explained by the view — for which we find confirmation 
in many other phenomena — that electrons are disseminated 
through metals and carbon, not merely when these are mean- 
descent, but at all temperatures, the electrons being so small 
are able to move freely through the metal, and they may thus 
be supposed to behave like a perfect gas contained in a volume 
eq ual to that of the metal. The electrons are attracted by the 
metal, so that to enable them to escape into the space surrounding 
it they must have sufficient kinetic energy to carry them through 
the layer at its surface, where its attraction of the electrons is 
appreciable. If the average kinetic energy of an electron like 
that of the molecule of a gas is proportional to the absolute 
temperature, then as the temperature increases, more and more of 
the electrons will be able to escape from the metal mto the air 
outside. 


Rate at which the Electrons escape from the Metal. 

107. We can without much difficulty find an expression for 
this quantity if we assume that the electrons in the metal behave 
like a perfect gas. Let AB, CD represent two planes parallel to 
the surface of the metal including between them the region in 
which the metal exerts an appreciable force upon the electron. 
Let us take the axis of x at right angles to these planes, the 
positive direction of x being from the air to the metal; then if p is 
the pressure due to the electrons, n the number of electrons in 
unit volume, X the force acting on an electron, we have when 
there is equilibrium 

&-Xn 


dx 


.(i); 


but if the electrons behave like a perfect gas p = fidn, -vfrhere 6 is 
the absolute temperature and /? a constant which is the same for 
all gases. Substituting this value for p in equation (1), we get 


J80 


dn 

dx 


Xn 


( 2 ); 
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integrating this equation from CD to AB, we get 


■I 71 r l 


'N 


I 80* 


or 


w 

n r = Ne 


...(3). 


where m! and N are respectively the numbers of electrons in rmi+. 
volume of the air and metal, and 


w 


I 


Xdx; 


thus w is the work required to drag an electron out of the metal, 

Equation (3) gives the number of electrons m the air when 
things have attained a steady state. To find the number of 
electrons com i ng from the metal in unit time let us proceed as 
follows: regard the steady state as the result of a dynamical 
equilibrium between the electrons going from the metal to the 
air and those gomg from the air to the metal. If n' is the number 
of electrons in unit volume of the air, the number which m one 
second strike against unit area of the metal is by the Kinetic 
Theory of Gases equal to 

CO 

£ udn, 
o 

dn being the number of electrons which have velocities between 
u and u + du, and the summation is to be taken for all positive 
values of u. Now if n' is the total number of electrons in unit 
volume 

dn — n' *./ du, 

V 7T 


where m is the mass of an electron: hence 

E udn — n' a/— f° e~ hmr ^ udu 

o v TT j o 

1 n' 

2 V Trhm 

__ n c 
~Vbn ’ 

where c is the velocity of mean square and is equal to a {6/m)^, 
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a being a constant which is the same for all gases. Substituting 
the value of n' from equation (3) we find that the number of 
electrons coming from the air and striking against unit area of the 
metal in unit time is equal to 


a 


■y/Oar 


_w 

Ne W. 


If we suppose that all the electrons which strike against the metal 
enter it, this will be the number of electrons entering the metal, 
and therefore in the steady state the number leaving it; the 
number may be written in the form 

b 

e : 



this number multiplied by e will be the quantity of negative 
electricity leaving unit area of the metal m unit time, and there- 
fore will be the saturation current from a hot wire at the tem- 
perature 6. Richardson’s measurements of the saturation current 
at different temperatures agree well, as we have seen, with a 
formula of this form. From the values of a and b determined by 
experiments on the escape of electricity from a hot wire we can 
deduce the values of N and w. Richardson finds that for platinum 
a = 7*5 x 10 25 , b = 4-93 x 10 4 , 
this gives N = 6*5 x 10 20 and w = 8 x 10 _12 ergs. 

In this experiment no special precautions were taken to rid 
the wire of gas beyond keeping the pressure below *01 mm. 


107*1. The above investigation was given in the second edition 
of this book and leads to the result obtained by Richardson 
theoretically and experimentally in his early work. 

Modem views of the electron theory of metals are not in 
accordance with the view that the electrons inside a metal have 
the energy of a perfect gas at the temperature of the metal. It 
is therefore important to see how far the result can be deduced 
by thermodynamical arguments. 

The following argument is given by Richardson 1 : 

He considers an evacuated enclosure at constant temperature 
containing a body emitting electrons. The emission will continue 
till there is dynamic equilibrium between the electrons leaving the 
I Richardson, Emission of Electricity from Hot Bodies, p. 30. 
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body and those retur n i ng to it. Let p be the pressure of electrons 
at which this occurs and suppose it so small that the mutual 
repulsion of the electrons, which is proportional to the sq uar e of 
their density, is negligible compared with the pressure due to the 
electrons regarded as a gas. Then p = n’kd. Suppose the en- 
closure provided with a cylindrical extension in which an ins ulat ing 
piston can move backwards and forwards, so that p caja be 
made to do work. Consider the change in entropy dS due to a 
motion of the piston. If ^ is the change of energy of the system 
which accompanies the transference of each electron from the hot 
body to the surrounding enclosure of volume v, then 

dS = ^{d ( riv<f> ) -i- p dv} 

- 1 { (p + n '* + v dJ S^) * + « - 

TImB (H). - ( p + ”■’* + 

/dS\ _vd (n't) 

\d$) v ~ e dd * 


Now dS is a total differential; thus equating the values of 
2^20 > we find 9 — p 4 - neglecting — which is zero 

unless the piston is quite close to the emitting surface. 
Substituting p = riffl, we have 


dn' 

n' 


± 

M a 


dd. 


or 


ae 


n' = A X J 
where A x is independent of 6. 

Applying the kinetic theory as before we find 


where V 3 k has been substituted for a in the previous expression. 

This result assumes that all the electrons which return to the 
metal are absorbed by it- Richardson and v. Baeyer 1 have shown 
that it is not actually the case, a considerable proportion being 
i Richardson and v. Baeyer, Verh. der Detutech* JPhys. GeseU. x. p 96, 1908. 
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‘reflected.’ Richardson 1 states that the proportion is about 50 per 
cent, in many cases, so that in these cases the saturation ther- 
mionic current would be halved. 

In this, as in the previous work, the mutual repulsion of the 
electrons has been neglected. While this is actually small at low 
temperatures, it is by no means necessarily so always. Raue has 
investigated the eq uili bri um of electron atmospheres m these cases 
and finds that the result given above for the density is generally 
applicable. 

The above expression for % requires us to know the way in 
which cj> varies with the temperature. The simplest assumption, 

that it is constant, leads to the formula i = a,0^e~e as before. But 
(f> depends on both the initial and final kinetic energies of the 
electrons, and there is reason to suppose, from considerations of 
specific heat, that the electrons in a metal have very much less 
kinetic energy than corresponds to the temperature of the metal. 
If they have none at all, <f> will contam a term f Jed representing 
the difference between their kinetic energies in metal and gas. 
If <f> — § Jed = <f> o, supposed constant, 

i = eA x JL-9*e-4>°l M = d0V-*o/*«, 
where A is a constant. 

This law has been deduced as an approximation by Richardson 
as the result of thermodynamic considerations. The approxima- 
tions involve the neglect of terms of the nature of the Thomson 
effect. These are small for pure metals and hence the equation 
would be expected to hold. The small value of the specific heat 
of electricity in fact, is evidence of the kinetic energy of electrons 
in a metal being small, and the small Peltier effect shows that if <f> 
changes with the temperature to any marked extent it at least 
does so approximately equally for all metals 2 . 

It might be supposed that it would be easy to distinguish 
experimentally between the two types of equation, as they have 
different mathematical forms. Actually it is very difficult, because 
the temperature variation due to the exponential is so rapid that 

x Richardson, Emission of Electricity, p. 56. 

2 It seems unlikely that the conclusions of this and the following paragraphs 
would be affected by adopting Perm! -Dirac statistics, owing to the small density 
of the electrons in free space. 
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it overpowers the slower change due to 0* or 0 a . In fact if we 
consider the way in which we arrived at the second equation it 
will he seen that to distinguish between the two is equivalent to 
determining <f> for ranges near two temperatures 0 X , 6 % with such 
accuracy that the error in the difference of the <f >’ s is less 
$ k (0! — 0 2 ). As 4> is generally of the order of 5 volts, and 31*0 
is only about *25 volt at 2000° K. this is not easy. Until quite 
recently the experimental results fitted either equation within 
the limit s of experimental error, though of course the values of 
the constants ct, b and ^4, <f> 0 are different according as to which 
formula is assumed. Some recent results of Davisson and Germer 1 
however indicate rather better agreement with the second formula 
and this is generally nowusedin expressing the results of experiments, 
but it must be admitted that the evidence is chiefly theoretical. 

The quantity <fi 0 can be determined experimentally much more 
accurately than A. Thus for tungsten fa {Jc is about 53,000, at 
1200° K. the exponential is e*- 44 , thus a 10 per cent, error in <&, 
would give a factor e 4 ’ 4 and alter A by a, factor of 81. The enormous 
variation with temperature is shown by the fact that K. K. Smith 2 
in experiments on tungsten obtained currents varying over a range 
of 10 11 to 1. Even over this range it was impossible to diRtingnn'ab 
between the two formulae. 

The probability that the equation % = aff^ e -6 / 8 is incorrect de- 
prives calculations of N, such as that on p. 352, of weight. Even 
in cases, such as the emission from metallic oxides, where the 
Mnetio theory may apply for the electrons inside the solid, 
Biohardson has shown that the probable rapid change of IV with 
the temperature makes it mathematically impossible to determine 
N at any one temperature from purely thermionic data. 

108 * 1 . There is an intimate relation between <f> and the contact 
potential difference between the metal and a standard one. Thus 
consider two metals in an equal temperature enclosure m equi- 
librium with their electrons, and suppose them joined at some 
point. In general the pressure of electrons with which the metals 
are in equilibrium will be different, and electrons will distil over 
from one to the other till there is a difference of potential between 

z Davisson and Germer, Phys. JRev. xx. p. 300, 1922. 

2 Smith, Phtl. Mag. xxix. p 802, 1915. 


23-2 
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two points, each just outside the surface of one of the metals, 
s ufficient to balance this tendency. This is what is spoken of as 
the contact potential difference F. By the kinetic theory 

Wi/%2 = €~ eVlke , 

where %, n z are the values of n' outside the two metals, supposed 
small enough that mutual repulsion can be neglected. Thus 

V = — log %/«! = log 

where i Z) h 8X6 the saturation currents per sq. cm. 

Taking logarit hm s of the expression for the currents and 
subtracting, we have 

j ^ ~ — l0 S = — ~ AjJA^ • 

dV 

Differentiating, tf^ — (f> z = eV — eQ . 

There are two views of the origin of contact potential difference 
one regards it as inherent in the metal and the other as due mainly 
to charged double layers at the surface. On the former view V 
is the actual difference of potential between two points in the 
dV 

metals, and ed differs from the Peltier coefficient only by terms 
cLu 

depending on the Thomson effect* If all thermoelectric effects 
are small compared with eV, as they are in metals, <f>± — </> 2 = eV . 
On the other view there must still be small true differences of 
potential at the junction of metals to account for the thermoelectric 
effects, but most of V is caused by the surface layers. If it can 
be assumed that these do not change with temperature the last 
result for <f> still holds, apart from the thermoelectric terms. If 
<h — <f >2 and V are independent of the temperature it is easily 
seen that log AJA^ =0, or A is a universal constant. Using 
Sackur and Tetrode’s theory for the chemical constant of the 
electron gas Dushman 1 has found A = 2 irmeP/A 8 = 60-2 amp. 
per sq. cm. per (°K.) a . Experiments with metals, especially 
tungsten, seem to agree with this, but the uncertainty of deter- 
mination is very great*. 

1 Dushman, Phye. Rev. aaa. p. 623, 1923. 

2 The expression takes no account of ‘reflected 9 electrons and so requires to he 
reduced by a factor to allow for this effect. 
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For metallic oxides there appear to be greater discrepancies. 
Here however thermoelectric effects may be large. Thus S. L. 
Brown has found that a copper-copper oxide couple with junctions 
at 20° 0. and 530° C. gives an e.m.t. of more than Wlf a volt. 
Any linear variation of <f> with 8 other than that assumed above 
will lead to a power of 8 in the final formula other t,Tm.n the square, 
and it is quite possible that the ordinary equation should be 
modified for non-metallic substances. Also with these c o m plex 
substances it is quite possible that definite reversible temperature 
changes occur in the surface layers. Thus Davisson Germer 1 
found such changes with a wire of platinum coated with BaO and 
SrO ; in this case they were slow enough to be detected and allowed 
for, but a more rapid change would simply appear as an abnormal 
variation of <f> with 6, leading to a false value of A if the equation 
were assumed of the usual type. 

The exact conditions which the thermoelectric other 

constants of a material must obey in order that A may be constant, 
have been investigated by H. A. Wilson 2 and by Bridgmans. " 

109*1. Certain peculiarities in the emission of the alkali metals 
have been investigated by Richardson and Young 4. These sub- 
stances show appreciable deviations from the usual law, and it 
appears that their surfaces are ‘patchy* with two different values 
of the work function. The thermionic emission of potassium satis- 
fies an expression of the form 

i = A 1 6 2 e~ Ui,B + A s P*e~ < *' ,e , 

and a similar relation probably holds for sodium. The values of 
co for the thermionic emission are usually less than those found 
for the photoelectric effect, but by special treatment a photoelectric 
threshold has been obtained at the commonest value of <o. 
The probable explanation is that the small values of co occur only 
over a very small portion of the surface, so that they have little 
chance of being affected by the incident light, while the enormous 
increase of thermionic emission as co decreases makes them the 
most important for this effect. Young finds that the constants 

x Davisson and Germer, Phys. Rev. xs iv p. 666, 1924. 

2 Wilson, Phya. Rev. xxiv. p. 38, 1924. 

3 Bridgman, Pftys. Rev . xxvxu p. 180, 1926. 

4 Richardson and Young, Proc. Roy . Soc. A, evil. p. 377, 1925. 
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for potassium, taking an approximate one term formula, are un- 
changed on melting or solidifying. Goetz 1 has also made experi- 
ments on the changes of thermionic emission at melting and 
transition points and finds appreciable changes in the work function 
for copper, iron and manganese. 

Kingdon 2 working on monatomic films of Cs and Th on tungsten 
finds a more complicated formula than that of Richardson and 
Young, and believes that the maximum emission in the case of 
Cs occurs when the film is not quite complete. In any case it is 
certain 3 that as the film increases a point of maximum emission 
is reached. 

It should be remembered that, as in the corresponding photo- 
electric phenomenon, a large part of the work required to remove 
an electron from a conducting surface is due to the attraction 
between the electron and its electric image in the surface (see 
p. 445). 

Energy of Emitted Electrons. 

110*1. The first experiments on the energy of the emitted 
electrons were made by Richardson, working partly in collabora- 
tion with F. C. Brown. The theory on which they were based is 
as follows. At pressures low enough for their mutual rep ulsio n 
to be negligible the electrons behave like a perfect gas, and 
accordingly their velocities should be distributed according to 
Maxwell’s Law. The distribution of velocities among the electrons 
crossing any surface in the space containing them can t.Tip.n be 
calculated, and if the electron gas is in eq uili bri um with an 
emitting surface this will also be the distribution for the electrons 
entering the space. Since the emission is not affected by the 
presence of the electrons, when these are too few to exert an 
appreciable electric force, this will be the distribution for the 
emitted electrons whether the external conditions are those of 
equilibrium or not. The only assumption is that a state of 
equilibrium between free electrons and the emitting surface is 
possible, in which the free electrons obey dynamical principles as 
used in the Kinetic Theory of Gases. It is not necessary that the 

1 Goetz, Phys. Zeita xaav p. 377, 1923. 

2 Kingdon, Phya. Rev. xxiv. p. 510, 1924. 

3 Becker, Phys. Rev xxro. p. 112, 1926. 
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electrons in tlie solid should do so. On this view the average 
energy of the emitted electrons is 2 Te6. This is greater th Tl n the 
average equilibrium kinetic energy §Jc0, because the more rapidly 
moving ones occur more frequently in the emitted stream than 
in a random volume. If the emitting surface is taken perpen- 
dicular to the axis of x, and 
u, v, w are the velocity com- C~ 

ponents of an electron parallel ft \ 

to x, y and z respectively, then 11 \ 

the number emitted m unit I * ^ pump. &a. 

time with velocity components if ft 

between u and u 4- du is 
Nudu = N2hmue- hmuS du. 

The number with velocity com- // /<y 

ponents between v and v + dvis If h \ 


Nvdv = N a/— €~*™ 3 dv, 

V IT 


where Ji — (2 Ted)- 1 , and N is the / 

total number emitted per unit I -C 

tim e, the distribution for w [ 

being given by a similar ex- $ ' 

pression. «r_^n . ,-G 

Richardson and Brown’s 1 | = ^p a Y'~Tr^y - ' 

first investigation dealt with . — L Slf '' ” » sift f ~~ , 

the u component only. The I JB H h X fi 

apparatus used is shown in I H 

section in Big. 91. The elec- jt t 

trons were emitted from a small 0 ' 5 ■ 10 

piece H of thin platinum foil 1 — 1 — 1 — J — j — « — « — « — I 
heated electrically, and mea- Kg gi 

sured by the charge given to 

the plate U connected to a sensitive electrometer. A retarding 
potential V 1 was maintained between U and the plate L which 
was connected so as to be at the same potential as the centre 
of H and was flush with it. O was a guard ring and S an 
electrostatic shield. U was covered with platinum to avoid contact 


i Richardson and Brown, Phil. Mag . xvx. p. 353, 1908. 
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potential differences. If « 0 2 > 


m 


[ 110-1 

eV 1} an electron starting with 


normal velocity u 0 will reach U, otherwise it will return to the 
lower plate. The experiments consisted in finding how the 
current between the plates varied with. V x . If Maxwell’s law 
holds, the current i between the plates is given by 

i = Ne f 2hmue~ 7ima °du, 

J Uo 


where u 0 ='\/ 2eV 1 /m. 

This gives i = 2Vee -aAP i* = i 0 e -2AF i®, 

where i Q is the current when V x — 0. Hence 


log iji 0 


V,e _ veV 1 


kB Rd * 


where v is the number of molecules in a c.c. and R is the gas 
constant for this amount of gas. 

The experiments showed that log i varied in a linear manner 
with V lf and the value of R calculated 
from the curve agreed well with the 
accepted value. 

Other experiments with platinum 
coated with lime, the liquid alloy of 
sodium and potassium, and platinum 
saturated with hydrogen did agree with 
the theory, but the experimental evi- 
dence was not regarded by the authors 
as satisfactory. 

To determine the distribution of 
velocity for the components parallel to 
the surface Richardson 1 used the ap- 
paratus shown in Fig. 92. This consists 
essentially of two slits in parallel metal 
plates A. and S, the one at D containing 
the emitting platinum strip, the other 
giving access to the Faraday cylinder T, 
in s ulated from the plates, to which the current was measured. The 
current to the plate B was also measured and the plate and all 
i Richardson, PM. Mag. xvi p. 890, 1908,- xvdL p. 681, 1909. 
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connected with, it could be moved up and down through known 
distances by means of the screw S. An accelerating potential F x 
is applied between A and B and measurements are tnlrAn of the 
ratio of the current through the sht to that to the plate B for 
different positions of the slit. For the method of calc ulating the 
distribution of velocities from these data, see Richardson, Emission 
of Electricity from Hot Bodies, p. 163. The results show on the 
whole good agreement with the Maxwell theory. Observations 
when Vx — 0 are shown in Fig. 93, where the curve is cal- 



culated, and the points were obtained tinder varying conditions 
of filament temperature and emission. The discrepancy shown 
at large distances from the central position is thought to he due 
to secondary causes such as roughness of the metal surface and 
the deflection of the moving electrons by gas molecules. 

Schottky 1 has also made experiments confirming Maxwell’s 
law for the form of the distribution curve but giving a rather 
large value for the mean energy. He adopted an improvement in 
the experimental method by introducing in both the heating 
circuit n-nd in the circuit measuring the thermionic current, make 
x Sohottky, Ann. der Phys. xhv. p. 1011, 1914. 
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and break switches. These were operated 250 times per second 
and timed so that when one circuit was closed the other was open. 
In this way the disturbing effect of the magnetic field of the heating 
circuit on the motion of the electrons was eliminated. The 
alternations were so rapid that the temperature of the filament 
remained sensibly constant. 

Doubt was thrown on these results by some experiments 
conducted by Ting 1 in Richardson’s laboratory. He found that 
with tungsten and platinum, while the distribution was approxi- 
mately that of Maxwell, it corresponded to an absolute temperature 
considerably higher than that of the filament, in some cases to 
nearly twice the amount. A number of experiments have since 
been made on the point. 

• Gtermer 2 used the electrons from a wire and measured the 
fraction which had sufficient energy to reach a concentric metal 
cylinder against various opposing voltages. He found good 
agreement with theory in the case of tungsten. J. H. Jones 3 
found also agreement with theory and considers that the chief 
source of error is contamination of the heated surfaces. Potter 4 
working on platinum in vacuo and m hydrogen found that in the 
former case the results agreed with theory, but in the latter gave 
too high a temperature. Congdon 5 working with tungsten found 
the theoretical result in vacuo and in an atmosphere of argon, but 
again found that hydrogen gave results corresponding to a higher 
temperature than that of the filament. Rossiger 6 found Maxwell’s 
law confirmed for the emission from CaO, SrO and BaO. Roller? 
however found that the two latter gave results corresponding to 
a temperature about 30 per cent, too high Del Rosario 8 found 
the theoretical result for tungsten both %n vacuo and in hydrogen. 

The conclusion seems to be that the energy distribution is that 
corresponding to an electron gas at the temperature of the filament 

1 Ting, quoted by Richardson, Emission of Electricity, p 172. 

2 Germer, Phys Rev xxv. p 795, 1925. 

3 Jones, Pioc Roy Soc ah. p. 734, 1923 

4 Potter, Phil. Mag. xlvi. p. 768, 1923. 

5 Congdon, Phil. Mag. xlvn. p 468, 1924. 

6 Rossiger, Zeits. f Phys xix p. 167, 1923 

7 Roller, Phys. Rev. xxv. p 671, 1925 

8 Del Rosario, Phys. Rev xxvn. p 810, 1926 
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except perhaps when hydrogen is present. The anomalous 
emission of platmum m an atmosphere of hydrogen suggests that 
there may be a real difference in this case, hut the great experi- 
mental difficulties make it doubtful whether there is really an 
exception. 

In connection with these experiments it should be noticed that 
the reduction of the energies of all electrons by the am o unt , 
as by passing through a double layer, makes no difference to the 
velocity distribution, if this is of the Maxwell type, but merely 
reduces the total number. This can be seen as follows. Write 
E = %mu z , the portion of the kinetic energy due to the u component 
of velocity. Then Maxwell’s law can be written 

N E dE = N2he~ ihE dE. 

If <f> represent the loss of energy per electron on passing through 
the double layer, the number which emerge with energies between 
E and E -|- dE will be 

N'jsdE = Njs+tdE = N2he~ a ^ E!+ ^dE = Ne-^2he- mE dE. 

Thus N'e/Ne = e -aw , a constant quantity. 

110*2. Richardson was the first to point out that the emission 
or absorption of electrons must be accompanied by a reversible 
thermal effect analogous to the latent heat of vaporisation of a 
gas. In fact, since <f> 0 represents the difference between the energy 
of an electron in the metal and one at rest outside, the absorption 
of heat per electron will be (j> 0 + 2 Ted, and the absorption for a 

current i is U — - (<f> Q + 2k6). Thus measurements of U can be 

made to give a value of <f> 0 which should agree with that found 
from the variation of thermionic current with temperature. The 
first experiments made to test this by Wehnelt and Jentzsch 1 
using oxide-coated platinum wires did not give satisfactory results. 
It is now known that such filaments are liable to undergo modi- 
fication as a result of temperature change which may greatly 
affect the result. The vacuum also was not perfect, and the 
bombardment of the positive ions formed m the residual gas led 
to a change of the cooling into a heating effect at high tempera- 

X Wehnelt and Jentzsch, Verh. der Deutach Phys. Qta x p. 610, 1908; Ann. 
der PA ya. xxvui. p. 537, 1909 
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tures. Richardson and Cooke 1 were more successful. They 
measured the change in resistance of an osmium, wire, carrying 
a constant current, when a thermionic current was allowed to 
flow. The results were consistent with the theory and gave a 
mean value of <f) 0 = 4-7 equivalent volts. Similar experiments 
with tungsten gave <f> 0 — 4-63 volts, in good agreement with values 
obtained by the temperature variation method. Wehnelt and 
Liebrich 2 3 further investigated the anomalous effects with lime and 
showed that variations of the thermionic emission occurred with 
time, and that these were accompanied by corresponding changes 
in the cooling effect. W. Wilson 3, working with the standard 
oxide-coated filaments prepared by the Western Electric Company, 
found complete agreement between the values of <f> 0 from the two 
methods. Davisson and Germer 4 have obtained a similar result 
with oxide-coated (SrO, BaO) platinum wires. They found that 
the filaments changed their condition with changing temperature, 
but sufficiently slowly to allow measurements to be made before 
appreciable change had occurred. Lester 5 has made measure- 
ments of <f> 0 for molybdenum, carbon, tantalum and tungsten, 
using the cooling effect. Davisson and Germer 6 7 in a very careful 
experiment found values of <fi 0 for tungsten by the two methods 
of 4-52 (calorimetric) and 4-48 volts (temperature variation of 
emission). 

The inverse effect, the heating of the metal due to absorption 
of electrons, has also been investigated by Richardson and Cooke 7. 
It is rather more complicated than the emission effect, as in general 
the electrons will arrive at the surface layer with kinetic energy 
which is partly due to a fall through a potential difference, and 
not wholly due to thermal agitation as in the converse case. The 
electrons from two heated osmium filaments were directed by 
a small potential difference on to thin strips of the metals to be 

1 Richardson and Cooke, Phil Mag . xxv. p 624, 1915. 

2 Wehnelt and Xaebnch, Verh . der Deutsch. Phys. Ges. xv. p. 1057, 1913; Phys. 
Ze%ts. xv. p. 548, 1914. 

3 Cf. Arnold, Phys. Rev . xvi. p. 78, 1920. 

4 Davisson and Germer, Phys. Rev . xxiv. p 666, 1924. 

5 Lester, Phil. Mag. xxxi. p. 197, 1916. 

6 Davisson and Germer, Phys. Rev . xx. p. 300, 1922. 

7 Richardson and Cooke, Phil. Mag. xx. p. 173, 1910; xxi. p. 404, 1911. 
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tested, tlie effect was detected by the change in resistance of the 
strip owing to its change of temperature. The heating effect is 
then plotted against F the applied voltage. This gives a str aight 
line, as it should, and the gam in energy in volts due to the entrance 
of an electron can be found as the (negative) voltage which would 
be required to give zero heating effect if the same law continued 
to hold. If however the metal receiving the electrons is not the 
same as that emitting them the contact potential difference comes 
in, and the actual potential difference through which the electron 
has passed is not the same as that apphed by the battery. 

Let <^2 be the values of <f> 0 for the hot and cold metals 
respectively, and F x , F 2 be the potentials at points just outside 
them when zero potential difference is apphed externally. If 
F a > Ft, i.e. if the contact p.d. accelerates the electrons, they 
will arrive at the cold metal with mean energy 2 Ted — e (F a — F x ) 
and the heat given out on passing into the metal will be 
2 led — e (F 2 — F x ) + per electron, 

(e negative) neglecting small effects due to the kinetic energy of 
the electrons in the metals, which are very uncertain. But to the 
order to which <f>z are independent of 8 the investigation on 
p. 356 shows that ^ -f e (F 2 — Fj) — tf> 2 = 0. Thus J, the heating 
effect in equivalent volts, is 2 Ted <&., and depends only on the 
hot metal. On the other hand, if F 2 < F x the electrons are retarded. 
This does not change their mean energy (see above) but only their 
number, and the heat liberated is given by J ' = 2 led + <j> a de- 
pending on the cold metal. This comes to saying that in both 
cases J — 2 Ted — <f> for the more electronegative element. 

Richardson and Cooke’s results are not accurate enough to 
prove the truth of this theoiy, but they do not disagree with it, 
and the values obtained for <f> are in reasonable agreement with 
those found by the other methods. 

Influence of Oases on Thermionic Emission. 

111*1. The presence of a gaseous atmosphere may influence 
the thermionic current in two quite distinct ways. It may modify 
the actual emission from the solid by altering the surface layer 
or being dissolved in the metal, or it may alter the current carried 
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by the change m the conditions outside the metal, due chiefly to 
the presence of positive ions formed by collision of the electrons 
■with the gas molecules. If the potentials are insufficient to allow 
lonisation by collision, or if the gas is very rare, the former is much 
the more important, and we shall consider it first. 

It was early observed that minute traces of certain gases might 
enormously increase the thermionic emission, e.g. platinum in the 
presence of hydrogen. It was even suggested that the presence 
of gas was a primary cause of the emission, and that t.biw was an 
effect of chemical action. This view is now completely abandoned, 
and the extensive use of filaments, both metallic and oxide-coated, 
in technical work has shown that it is possible to obtain constant 
results over long periods of time if the vacuum is good enough. 
Extreme care must however be taken to remove gas, not only from 
the volume of the exhausted vessel but also from its walls. The 
layer of gas clinging to the surface of glass is ‘extremely tenacious, 
and it is necessary to bake the evacuated bulbs for some hours 
at a temperature not far from the softening point of the glass in 
order to remove the gas. Even then it seems doubtful if the 
removal is complete, as at a high temperature small quantities 
of gas can diffuse through the glass. In addition prolonged 
bombardment and heating is required to remove the gas dissolved 
in the electrodes or other metallic parts or condensed on their 
surfaces. It is largely for these reasons that the results for the 
thermionic emission of the same substance obtained by different 
observers show such large discrepancies. The pressures ob tain ed 
are of the order of 10 — 9 or 10~ 10 of a mm . Another cause of the 
irregular results is that the emission varies so rapidly with <f>; thus 
a minu te speck of impurity may greatly mo dif y the emission of 
the whole wire. 

Platinum. 


111*2. Richardson and Wilson have shown that air, nitrogen, 
water vapour and oxygen at moderate pressures, say 1 mm. or less, 
have no effect on the e mis sion from platinum if the conditions are 
such as to prevent impact ionisation. 

On the other hand hydrogen enormously increases the emission, 
sometimes by a factor of I0 5 or more, but the amount of the 
increase depends greatly on the state of the wire. 
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The effect of hydrogen on the emission from, platinum h&s 
been very carefully studied by Bichardson and Wilson. For a 
full account see Bicbardson, Emission of Electricity from Rot 
Bodies, pp. 117 et seq. The effect appears to be very comphcated 
and is even now not entirely understood. The follow ing are some 
of the main facts. In all cases the variation of *ymigair>-n -with 
temperature follows a law of the type i = a8^e~ b ! e wi thin the 
limits of experimental accuracy, but the q uantitie s a and b 
depend on the amount of hydrogen; usually both decrease with 
increasing pressure of hydrogen, but the effect of b is the more 
important, so that the result is an increase of current. If the wire 
has not been previously heated in hydrogen, the values of a 6 
are functions of the pressure only, though there is a c onsidera ble 
lag before the emission reaches a steady state after a chang e of 
pressure. If however the wire has been ‘aged’ by prolonged 
heating in hydrogen, it will continue to emit strongly when the 
pressure of hydrogen is reduced almost to zero, even after it has 
ceased to emit appreciable amounts of gas. The large Amiiwinn 
can however be destroyed by heating to about 1700° O. in a good 
vacuum, and Wilson has shown that a wire which has retamed the 
power of strong emission still contains a large quantity of hydrogen 
even after heating in vacuum till gas ceases to come off. It is 
suggested that this gas is combined with the platinum to form 
a compound of definite (and very low) dissociation pressure, while 
in the case of the ‘new* wire the gas is in solution to an extent 
proportional to the outside pressure. In any case the time lag 
makes it probable that the effect is a volume one, and not merely 
a change in the layer of gas adsorbed on the platinum. It was 
pointed out m the second edition of this book that the effect may 
be analogous to the potential difference in a concentration cell. 
If two electrolytes are in contact and in one of them there is 
strong ionisation and in the other weak, there is a difference of 
potential between them proportional to R9 log pfp^, where R 
is the gas constant, and p x and p % the pressures of the ions in the 
two solutions. Now the hydrogen dissolved in the platinum will 
probably be strongly ionised, while that outside is not, so that 
there will be a difference of potential, and a double layer of electri- 
fication at the surface which will modify <f > . In fact if F is the 
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contact potential difference between pure platinum and platinum 
containing hydrogen, log ^ = dV /Ted. If F contains a term in- 
volving 0 to the first power we shall get a difference in the factor 
outside the exponential, so that this accounts for the change in a. 
It appears from Wilson’s experiments that a at constant temperature 
is proportional to p*, where z is a proper fraction between 0*5 and 
1-0 a-nd diminishes with rising temperature. 

Lockrow 1 finds that the ‘permanent’ effect can be prevented 
by Tiffing a liquid air trap and is of the opinion that it is due to 
the f ormat ion of a film of tap grease on the surface. He also 
thinlra that the ‘temporary’ effect is due to the action of hydrogen 
on some impurity. Potter also finds no effect of hydrogen on a 
wire cleaned by prolonged heating m a high vacuum. 

111*3. Oxides. Early experiments of Horton and Martyn found 
that the emission from a Wehnelt cathode was increased by hydro- 
gen, but the former in more recent experiments concludes that this 
only occurs at considerable pressures, and that at pressures com- 
parable with 0-01 mm. there is little difference in the emissions 
from lime and Nemst filaments in hydrogen, air, oxygen or nitrogen. 
Holler 2 found that oxygen decreased the emission from BaO and 
SrO, while argon, hydrogen, CO and C0 2 increased it. 

111*4. Tungsten. Langmuir? has investigated the emission 
from tungsten in various gases. In all cases the saturation currents 

could be represented by % = a0*e~ ble , but the constants were 
different in different gases. Mercury vapour and the inert gases 
have no effect. Most other gases increase both a and b above 
their values for a vacuum. The effect with hydrogen does not 
vary in a simple manner with the pressure, and Langmuir thinks 
it may be due chiefly to water vapour either formed by it, or 
introduced with it. Hydrogen, nitrogen and oxygen are all 
‘cleaned up’ by the tungsten, owing to chemical action resulting 
in involatile compounds which are deposited on the cold parts of 
the tube. At certain temperatures the action occurs with nitrogen 

1 Lockrow, Phya. Ren. xiac. p. 97, 1922. 

2 Roller, Phya. Ren. xzr. p. 671, 1926. 

3 Langmuir, Phya Rev. li. p. 460, 1913; Phya. Zeita. xv. p. 616, 1914. 
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only when the latter is ionised, and the formation of the nitride 
when impact ionisation sets in, is regarded as the explanation of 
some peculiarities in the saturation curve. 

For all the three gases and for a vacuum the values of log a 
and b when plotted against each other give a straight line. This 
indicates that they all act by the same mechanism, which is con- 
trasted with that in the case of plat inum by the different sign in 
the changes of a and b. Richardson suggests that in pla tinum we 
have an efEect of positive ions from hydrogen either in the volume 
of the metal or on the surface layer, while in tungsten there is 
a corresponding effect of negative ions from oxygen or nitrogen. 
For a mathematical investigation of the conclusions which can 
be drawn from the straight line law, see Richardson, p. 135. 

111*5. Other metals. Wilson has found that the emission from 
palladium is increased by hydrogen. The following experiment 
showing a similar effect with sodium was described by the author 
in the second edition of this book. 

A bright surface of sodium was formed in a highly exhausted 
vessel which contained a well-insulated electroscope; this vessel 
was placed in a chamber from which all light was carefully excluded 
and which was so dark that a sensitive photographic plate was not 
fogged after an exposure of 48 hours ; under such circumstances the 
electroscope very slowly lost a positive charge but retained a 
negative one When however a trace of hydrogen was sent into 
the vessel in the dark chamber, the electroscope began to lose its 
positive charge much more rapidly; there was no leak if the 
electroscope was negatively charged. The increased leak from the 
positively charged electroscope lasted for a few minutes and then 
disappeared, it could however be 'renewed by letting in fresh 
hydrogen and this process could be repeated time after time. 
This leak was stopped when the electroscope was placed in a 
mag netic held, showing that it was due to electrons coming from 
the sodium while the metal was absorbing hydrogen. No leak of 
the electroscope occurred if oxygen or carbonic acid gas was 
admitted into the vessel instead of hydrogen. 
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Relation between the Current and the Potential Difference. 

111-6. When the pressure is low, so that the motion of the 
electrons is unhin dered, and no ionisation by collision occurs, the 
current should be saturated as soon as there is an applied potential 
difference large enough to balance the opposed contact potential 
difference, if any, always assuming that the density of the electrons 
is so small that the effect of their mutual repulsion is negligible. 
This conclusion is not usually borne out by experiment. In 
many cases there is a slow mcrease of current after apparent 
saturation has been reached, probably due to evolution of gas 
The emission from oxides is also difficult to saturate, possibly for 
the same reason. Again the presence of specks of impurities on 
the wire may lead to local fields which prevent the current being 
saturated when it otherwise would have been, and easy saturation 
has been proposed as a test for the cleanness of a wire. Apart 
from these effects the potential required to saturate the current 
from a wire increases with the current when this becomes large, 
owing to the repulsion exerted by the electrons m the space 
preventing others from being emitted. In most experiments the 
wire is heated by an electric current, and the magnetic field due 
to this influences the path of the electrons so that they never 
reach more than a certain distance from the cathode depending 
on the relation between the electric and magnetic fields. If this 
distance is less than that of the positive electrode they will not 
convey current. A correction must also be applied for the varying 
potential along the wire due to its resistance. The method of 
intermittent heating enables these two last effects to be eliminated, 
and Schottky 1 found that in this case the current saturated for 
zero potential difference, after allowing for contact potential, 
provided the current was weak enough for mutual repulsion to 
be unimportant. 

Langmuir 2 has investigated very thoroughly the case in which 
the current is limited by the space charge. Some of his experi- 
mental results are shown in Fig. 94. The full line represents the 
saturation current as a function of the temperature, the dotted 

1 Schottky, Ann der Phys xliy. p. 1011, 1914. 

2 Langmuir, Phys. Rev. n. p. 453, 1913. 
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lines show the current for various fixed voltages as a function of 
the temperature. Taking any one of these it -will he noticed that 
for low temperatures the current is approximately saturated, as 
the temperature increases the saturation becomes less complete 
and for high temperatures the current becomes constant. In this 



Fig 94. 


state the current is determined by the ability of the field to remove 
the electrons and not by the number emitted by the wire. Lang- 
muir found that the square of the current under these conditions 
varies as the cube of the applied voltage. 

The following investigation is an extension of one given in the 
second edition, p. 223. The subject has been investigated by 
Child and Sohottky. 


24-2 
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We consider tlie geometrically simple case of parallel plates. 
Let x be measured normal to the plates and x = 0 at the hot 
emitting plate, let V be the difference of potential between the 
hot plate and a point whose coordinate is x, p the density of the 


electricity. Then 



( 1 ). 


If v be the velocity of the ion at x, v Q its velocity when starting 
from the plate, m its mass and e its charge, then 

\m (v z — v 0 z ) » Ve (2); 

but since all the ions are of one sign, i the current through unit 
area is equal to vp, hence from (1) and (2) 

(^ ,+ l F )( S ) a - 16 ^ 2 <*>■ 

integrating this equation we have, if we write X for dV/dx, 

X* = C + j«b* + | Vy (4). 

Hence if X is the value at the cold plate, X 0 that at the hot, V the 
potential difference between the plates, and C the constant of 
integration, we have 

+ (5). 

Now since all the ions are of the same sign, negative, the curve 
of V against a? will be everywhere concave upward as in Fig. 95. 
Two cases arise, one shown by the dotted 
curve, where V is everywhere positive, and the V 
other where V has a minimum as in the full 
curve. In the former case, if diffusion is 
neglected the force on an electron is always 
away from the hot plate, and the current is 
saturated; any electron which leaves the hot 
plate will reach the cold one. In the second 
case only those electrons which are carried ® 
past the point A by their initial energy will 
escape and the rest will return to 0. Now 
the potential at A is of the order \tnv z , and the n umb er of 
electrons for which this exceeds 1 volt is negligible; hence if 
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the applied potential is of the order of 100 volts we ma y reckon V 
from the potential at A without much error, and apply the above 
equation with A as origin. This makes X 0 = 0, and r 0 can be 

2e 

neglected compared with — V , so that 


*■ -(£)*-«%/¥ <«>• 

Integrating again and remembering that ^ =0 at A , we 

u2) 

have, after reduction, 

- Z* /Si 

97 r 'v m x' a 

where x f is measured from A. 


This is Lan gmuir ’s result, if x' does not alter appreciably with 
F. The determination of the position of A is difficult but a 
solution has been obtained by Schottfey 1 . 

For a given emission of electrons A will be nearer to O the 
greater the applied voltage and saturation occurs when they 
coincide. At this point the voltage is given by putting x' equal 
to d, the distance between the plates, in equation (7). 

In general, if F is very large compared with the energy of 
emission, A will be near to O, x' will be nearly independent of F, 
and hence i will not vary with the temperature but will follow 
Langmuir’s law. It is easily seen, however, from the general 
shape of the curve that the ratio of OA to d may greatly exceed 
the ratio of the potential at A to F, so the error involved in 
writing d for x' in (7) in the general case may be considerable 
even though F is of the order of 100 volts. 

It should be noticed that the possibility of a steady solution, 
except in the saturated oase, depends on effects which we have so 
far neglected, namely diffusion and the varying values of ® 0 ; for 
if it were not for these considerations the electrons would all either 
pass the point A or not, and the only possible values for the current 
would be zero and the saturation value. 

The general effect of diffusion may be seen from the following 
considerations. When things have reached a steady state there 


z Sohottky, Phya. Zeits. xt. p 526, 1914; Arm. der Phya. xliv. p. 1011, 1914. 
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■will be a definite distribution of electrons between the plates and 
the density of the electrons will vary from point to point, this will 
produce diffusion currents and thus equation (4), which neglects 
these currents, is only an approximation. It is a very close ap- 
proximation at places so far from the hot plate that the drop of 
potential is considerable in comparison with that required to give 
an electron an amount of energy equal to that due to thermal 
agitation, but at smaller distances it ceases to be an approximation 
at all, and there the currents are due to diffusion, and the equation 
is 


i = — Be . 


dm 

dx 


( 8 ), 


where D is the coefficient of diffusion of the electrons and n their 
density; thus 

n^n^-~x ( 9 ), 

where is the density when x = 0, and if I is the saturation 
current 


%c . e _ 
V'Qrr 


( 10 ) 


(see p. 212). 

The density at the hot plate is thus — ^ (I — i) ce, and not 
infinite as it would be if equation (6) field good right up to the 
plate, making V vary as x^. Diffusion cannot carry a current i 
if necf's/Orr is less than i. Hence, putting 

677 

n = 

ce 


in equation (9), we find that the maximum thickness of the region 
where diffusion prevails is 

V6tt (7- 2%) D/ci . 

Now D/c is of the order A, where A is the free path, of the electron. 
Hence the breadth of the diffusion currents will be proportional to 

^ A, and thus when the current is only* a small fraction of the 

saturation current, this region may be considerable. The region 
vanishes when the current is nearly saturated. 
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Thus we should expect that equation (7) would cease to be a 
close approximation, when i is small, and since the di-ftrmirm region 
depends on A, the current would be sensitive to small changes in 
the pressure of the residual gas. 

When the currents are carried by diffusion, unless the potential 
difference across the layer exceeds a value which increases rapidly 
with I/i the force at the hot plate will be negative and will vanish 
at a point within the layer. 

Relation bet/ween Current and Potential Difference 
when Gas is Present. 

111*7. The presence of gas affects the current-potential relation 
in a variety of ways. At low pressures the most important is that 
ions formed by collision help to neutralise the space-charge, and 
so mcrease the current in the region in which Langmuir’s law holds. 
This effect is very great owing to the large mass of the positive 
ions compared with that of an electron. If the ratio of mass is 
Mjm the velocity due to the same potential difference is in the 
ratio Vm/M and hence the average time spent in the field is that 
of V Mjm. Even for hydrogen ions this is 60: 1, and for oxygen 
four times this. Thus n positive hydrogen ions released per 
second will (roughly speaking) neutralise the space charge due to 
a current of 60% electrons. If the hot body is a wire the effect 
may be still larger, for the positive ions may make many orbits 
round it before being absorbed, and all the time are helping to 
neutralise electrons. 

At large potentials the multiplying effect of ionisation by 
collision comes in, and we reach a state which is midway between 
the true thermionic current and the ordinary ‘unassisted’ dis- 
charge in gases. Such a state ocours when a Wehnelt cathode is 
used in a discharge tube. Such a discharge presents many in- 
teresting features and will be considered in the chapter de aling 
with the high tension discharge. It however may be pointed out 
here that the existence of ionisation by collision results in the 
current being never completely saturated. 

If the gas is present at a high pressure, the retarding effect 
of the gas collisions on the electrons comes in; the electrons also 
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will tend to attach, themselves to the gas molecules, except in the 
case of the inert gases, and form heavy ions. As a result the 
current will be decreased for voltages too small to produce ionisa- 
tion by collision, for the heavy ions will have smaller velocities 
and hence will have a greater tendency to accumulate as a space 
charge. If the pressure is of the order of that of the atmosphere 
the velocity of an ion depends only on the electric force acting 
on it, and not to any appreciable extent on its previous history. 
We can then proceed as follows. 


112. Let us consider the case of two parallel plates at right 
angles to the axis of x , then if only one of the plates is incan- 
descent, or if both are incandescent but the temperature is so low 
that only positive ions are produced at the surface of the plates, 
then the ions carrying the current between the plates will be all 
of one sign and we may apply the results of Art. 50. Hence if 
X is the electric force, Jo the velocity of the ion under unit electric 
force, we have, if i is the current, 

y dX 47 ri 


hence if k is independent of x we have 

X z = ~x+ C. 

If n is the number of ions per cubic centimeter 

dX 


dx 


= 47 me. 


thus 


n = 


eh 




Thus the density of the ions at the hot plate when x = 0 is 
equal to 

i 

ekVC‘ 

Now suppose that the quantity of electricity emitted by the 
hot plate per second is I, the quantity of electricity passing 
through unit area of the gas between the plates is i: the difference 
I — i must equal the charge carried back to the plate by the 
electrons striking against it. We showed on p. 351 that if n is 
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the number of electrons per unit volume in the gas near the plate, 
the number striMng unit area of the plate per second is 

nc 

V&’ 

where o is the velocity of mean square of the electrons. Since 

% — ifekcfi, 

the charge given to the plate by the electrons which strike 
against it is 

ic 

Vf&TcC*’ 


as this is equal to I — i we have 

I -% = - 


'QttIcVC ’ 


6ttJc z (I - i) a ’ 

If V is the difference of potential and l is the distance between 
ri 


the plates, V = J Xdx, and since 


or substituting the value previously found for C 

_h f 8iril , c 2 i 2 cV -j 

~ i2ni 1_V Jo 6vk*(I — i)V ( 6 tt) ? F (J — i) 3 J 

This gives the relation between the current and the potential 
difference. I is the saturation current. 

The quantities are supposed to be measured in electrostatic 
units. 

We aha.ll consider two particular cases of this equation; the 
first is when i is so small compared with I that 

c a 

677 -** (I - i)* 

Qiril 
h ' 


is small compared with 
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Then, equation (1) becomes 



or 


• _ 9 &Z 2 

4 ~ 32ttI s 


( 2 ). 


Thus the current increases more rapidly than the potential 
difference, and diminishes rapidly as the distance between the 
plates is increased. 

This equation has been tested by Rutherford 1 ; we cannot 
however expect the theory to be in very close agreement with the 
facts, for in deducing equation (1) we have made several assump- 
tions which are not satisfied in practice; in the first place we 
have assumed that h is independent of x, this will only be true 
when the temperature is uniform between the plates, it will not 
be true when one plate is hot and the other cold, for the velocity 
of the ion depends upon the temperature. Thus H. A. Wilson 2 
has shown that m a flame at a temperature of about 2000° C. the 
velocity of the negative ion under a potential gradient of 1 volt 
per cm. is about 1000 cm./sec., that of the positive ion under the 
same gradient 62 cm./sec.; in hot air at a temperature of about 
1000° C. the velocity of the negative ion is only about 26 cm./sec., 
that of the positive about 7-2 cm./sec. M°Clelland3 found that the 
ions from an incandescent wire when they got into the cold air at 
some distance from the wire travelled with velocities as small as 
*04 cm /sec., and that the velocity diminished as the ions got 
further from the wire, and could be increased again by warming 
the ions ; thus h varies rapidly with the temperature and therefore 
with x. 

The increase of Jc with the temperature makes the current 
increase rapidly with the temperature of the hot plate. We see 
from equation (1) that the current for a constant small difference 
of potential does not depend upon the amount of ionisation near 
the plate*, so that the increase of ionisation at the higher tem- 

1 Rutherford, Phys. Rev. xm. p 321, 1901. 

2 H. A. Wilson, Phil. Trans. A, cxcii. p 499, 1899. 

3 McClelland, Phil Mag v. 46, p 29, 1899. 

4 It must be remembered that equation (1) only applies when the current is 
small, so that X=0 when x =0; when the current approaches saturation it increases 
rapidly with the amount of ionisation at the plate. 
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peratures would not explain the increase of current when the wire 
gets hotter; a satisfactory explanation of this increase is however 
afforded by the increase of h with the temperature. 

When the temperature of the hot plate is high enough for 
negative as well as positive ions to exist near the plate, the leak 
between the hot plate and a cold one will be greater when the 
hot plate is the negative electrode than when it is the positive: 
for m the former case the current is carried by negative ions, in 
the latter by positive, and equation (1) shows that with the same 
potential difference the current is proportional to the velocity of 
the ion by which it is earned. Now the velocity of the negative 
ion is always greater than that of the positive, and the ratio of the 
velocity of the negative to that of the positive mcreases rapidly 
with the temperature, thus the experiments of H. A. "Wilson on 
the leak through gases mixed with the vapours of salt ( l.e .) show 
that this ratio at 2000° C. is about 17 while at 1000° C. it is only 
about 3-5 At ordinary temperatures for the ease of ions drawn 
from the neighbourhood of the hot wire, M c Clelland’s experiments 
show that this ratio is only about 1-25. The absolute values are 
still more different. Thus McClelland found for the velocity under 
a potential gradient of a volt per cm. values ranging from *006 to 
•03 cm./sec., while Wilson at 1000° C. found 26 cm./sec. for the 
negative and 7*2 cm./sec. for the positive; at 2000° C. the values 
were respectively 1030 cm./sec. and 62 cm /sec. 

The great increase of current produced by cha ngi n g the sign of 
a very hot electrode from to — - is a very well-marked phenomenon ; 
one striking example of it is furnished by an old experiment of 
Hittorf’s 1 . In this experiment a bead of salt was placed in a 
flame between glowing electrodes : the increase in the current was 
much greater when the bead was placed close to the negative 
electrode than when it was placed near to the positive. These 
results, it must be remembered, are only true when the currents 
are very small compared with their saturation values ; the satura- 
tion values do not depend upon the velocities of the ions but only 
upon the number of ions produced in unit time at the surface of 
the hot metal. 


x Hittorf, Pogg Awn Jubelband, p. 430, 1874 
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The velocity of an ion under a constant electric force increases 
as the pressure of the gas diminishes, hence we see from equation 
(1) that the current when small will increase when the pressure 
diminishes. 


113. The equation (2) will however, except at very low 
pressures, only hold when the current is an exceedingly small 
fraction of the saturation current, for in deducmg it we have 
assumed that 

c 2 i 2 
6ttJc 2 ( I - i) 2 

is small compared with 


Now c is the velocity of mean square of the electrons, so that 
if the temperature of the hot plate is 1000° C. c 2 will be of the 
order 9 x 10 12 . k is the velocity of the ion through the gas under 
unit electrostatic force, x.e. 300 volts per centimetre; thus if the 
air is cold and at atmospheric pressure k will be about 4-5 x 10 2 
and k 2 about 2 x 10 5 ; thus o 2 /k 2 will be exceedingly large, and it 
is only when % is very small compared with I that the above 
condition is fulfilled. If the air is also at 1000°, c 2 jk 2 is not so large. 

The other case we shall consider is when 

e 2 i 2 

fork 2 ( I - i) 2 

is large compared with . 


In this case 


V = — z 

VI 


v + 


o V 
a/6w & 


This equation shows that i now increases less rapidly than 


the potential difference , it approaches saturation when 


V 

T 


k is large 


compared with c/V"6 jr, i.e. when the electric field is so strong that 
the velocity given to an ion by the field is large compared with 
the velocity of mean square of an electron at the temperature of 
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the hot plate. We see from the numbers given above that it would 
require a prodigious field to saturate the current from a hot wire 
through a gas at atmospheric pressure, in fact it would be im- 
possible to saturate the current at all, for the field required to do 
so is greater than that required to spark through the gas. 

113*1. This effect is most likely to be observed in the case of 
positive emission which occurs at a lower temperature than the 
negative, so that the ions have small mobility. The following figures 
found by Richardson 1 for the positive current from a platinum 
tube 0*2 cm. in diameter, and surrounded at atmospheric pressure 
by a cold tube 3*2 cm. in diameter, serve to illustrate the point. 

Volts on hot tube + 0 4 10 20 40 80 400 960 

Current (1 - 1-8 x 10~ M amps 0 2*6 10 22 32 64 225 390 

per sq. cm.) 

Table of Constants of Electron Emission. 

113*2. To complete our account of electron emission we give 
a table of the results of a few recent measurements, hut with 
most substances different experimenters get widely different results. 
Tungsten is probably the most accurately known. 


1 

Substance 

$ 

volts 

d 

degrees 

A 

amps 
per sq cm 

a 

amps 
per sq cm 

b 

degees 

volts 

Author 

Pt 

424 

49,250 

271 

4 76 xlO* 7 ) 
7*64 xlO“/ 

57,910\ 

53,060/ 

4 987\ 
4569/ 

Schlicter 

Suhrmann » 

W 

464 

448 

52,600 

51,860 

602 

61 


■ 

— 

(Bushman, Rowe, 

\Ewald and Ejdner 
Bavisson and Germer 

Ta 

411 

47,800 

j 

50 

7 47x10*®) 
2 27x10**/ 


314 

Bushman, Rowe 
Suhrmann 

Mo 

430 

50,000 

160 

— 

B 


Bushman, Rowe 

K 

J112 

1043 

12,960 

4,980 

0021 

1*26 x 10“ u 

— 

1 

j 

Richardson and 
Young 

C 

892 

45,700 

59 

148x10“ 

48,700 

4*20 

Langmuir 

50 % BaO 
and SrO 
on Pt 

179 

20,800 

3-2 



■ 

Bavisson and Germer 


I Richardson, JPhil. Trans. A, covii. p. 58, 1908. 
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The currents are measured m amps per sq. cm. The quantities 
<t>, d, A refer to a formula of the type i = AQ^e~^ ' ke , A being the 
value of <f> 0 /k and <3> being cf> 0 measured m equivalent volts. The 
quantities a, b, <!>' refer to a formula of the type i = ad~*e~ bl3 > 
anti <J>' is the value of kb in equivalent volts. 

Of the values given by Suhrmann 1 for Ta and Pt the second 
refers to a spe cimen strongly ‘degassed,’ the first to one less so. 
The values for <0 and d for Mo and Ta were calculated on the 
supposition that the constant A had the theoretical value 60 2. 
The two values for K refer to a two-term formula (see p. 357) 

Emission of Positive Electricity by Sot Metals. 

114. Hot metals emit positive as well as negative electricity, 
indeed in many cases until the temperature gets very high the 
metal emits more positive than negative electricity. The emission * 
of positive electricity can be detected at much lower temperatures 
than that of negative. Strutt 2 has detected the emission of 
positive electricity from copper and silver wires at a temperature 
less than 200° C. 

The rate of emission of positive ions from a hot wire depends 
to a very large extent on the previous history of the wire. On 
first heating a wire it emits a large quantity of positive electricity, 
if the wire is kept hot the rate of emission rapidly decays until 
it falls to a small fraction of its original value. This large initial 
leak cannot be due to dirt on the surface of the wire, for it occurs 
with pla tinum wires which have been boiled in nitric acid. It is 
not confined to metals, for Owen 3 has shown that it is well marked 
in a Nemst filament; he found that the filament after heating did 
not recover its power of giving a large initial leak after exposure 
to air at atmospheric pressure for several days. The evidence 
as to the recovery of such a leak in platinum wires after exposure 
to air is somewhat conflicting, as H. A. Wilson and Richardson, 
who have each made important investigations on the leak from 
hot wires, have arrived at opposite conclusions ■ Wilson thinking 
that a short exposure to air is sufficient to restore the original 

1 Suhrmann, Zeits f Phys xrn. p. 17, 1923. 

2 Strutt, Phil. May . vi 4, p 98, 1902. 

3 Owen, Phil . Mag vi 8, p. 230, 1904 
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leak, ■while Richardson attributed the increase which he obtained 
not to the air but to the accidental presence of a complex vapour, 
probably that of phosphorus, as he has found 1 that the exposure 
of a platinum wire to a small quantity of phosphorus will for a 
time produce an enormous increase in the positive leak from the 
wire. 

Richardson found that a wire which had been strongly heated 
could be kept in a vacuum for more than three months without 
any recovery of its power to give a large positive leak. 

Richardson has made the very interesting discovery* that, 
when a wire has by heating lost its power of giving a large positive 
leak, it can regain the power by being made the cathode for the 
electric discharge through a gas at low pressure, or even by being 
placed near such a cathode; in the latter case the recovery of 
this power does not take place if an obstacle is placed between 
the cathode and the wire. We cannot tell without further ex- 
periments whether this recovery is due to the bombardment of 
the wire by electrons or positive ions, or to some matter deposited 
on the wire by the discharge ; this point could be tested by placing 
the wire in a stream of cathode rays in a highly exhausted tube, 
arranged so that none of the metal tom off from the cathode can 
reach the wire. 

It is important to settle this point ’because some substances 
after exposure to cathode rays show what is known as thermo- 
luminescence, which is in some respects analogous to the behaviour 
of the wire. The substances showing thermo-luminescence when 
heated after exposure to cathode rays become luminous; as the 
b ftft - Hng continues the luminosity gradually fades away and finally 
disappears, and does not recur until the substance has been again 
exposed to cathode rays. The luminosity of these substances thus 
shows analogies with the leak of positive electricity from hot wire. 

114*1. In addition Richardson 3 has shown that the power of 
emitting may be restored by warming with a Bunsen burner the 
walls of the glass tube in which the wire is mounted. In a par- 
ticular experiment the current was increased from 2*2 x 10~ u amp. 

x Richardson, Phil. Mag. vi. 9, p. 407, 1905. 

3 Richardson, PhtL Mag. w. 8, p. 400, 1904. 

3 Richardson, Emission of Electricity from Hot Bodies, p. 203. 
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to 5 x 10- 9 amp. Tlie pressure in tlie meantime rose only slightly 
and the increase was apparently not due to this cause. 

Other means by which the emission of a wire may be revived 
are: (1) distillation from another fresh wire, especially if the latter 
is positively charged; (2) exposure to gases at high pressures 
(50-100 atmospheres); (3) heatmg in a gaseous atmosphere or in a 
Bunsen flame; (4) straining. Richardson found that a manganin 
wire was revived when subjected to the strain caused by passing 
a current through it in a varying magnetic field. 

In all cases the increased emission rapidly decays when the 
agency is no longer acting, and the wire is heated in vacuo. 

The decay of initial emission increases as a rule with rise of tem- 
perature and the e m ission is sensibly constant at the temperature 
at which it begins to be measurable. The rate of decay is often 
irregular and there may even be a slight increase during part of 
the time. The currents from new wires are also very difficult 
to saturate, the current sometimes increasing almost in proportion 
to the voltage between 40 and 400 volts. Sometimes there is 
a decrease of current with increasing voltage after about 5 volts. 
These effects have not been adequately explained. 

115-1. Besides this temporary emission, there is a smaller 
constant emission which takes place when the wire is heated in a 
gas. The following account of an experiment by Richardson gives 
an idea of the magmtude of the effects 1 . 

Tlie -wire (platinum) under test was 7 cm. long and 0*01 cm. m diameter. 
The positive emission on first heating at 804° C. was found to he 1*62 x 10 -8 
amp., the pressure given by the M°Leod gauge being 0 00005 tutu. This 
current decayed to one-half its value in 10 minutes and to one-tenth m about 
an hour. Even after heatmg in vacuo for several hours a day, at temperatures 
m the neighbourhood of 800° 0. for about two weeks the wire still gave 
currents under the best available vacuum conditions. Thus at 0*0003 mm. 
pressure a saturation current of 9 6 x 10 -ls amp. was obtained at 721° C. 
when the wire was charged positively. On lettmg m oxygen to a pressure 
of 0*045 mm. and keeping the temperature constant the current increased 
to 1*8 x 10~ 12 . It was found that the small current which did not depend 
on the pressure of the gas gradually disappeared with continued heating, 
whereas the additional current caused by the gas did not. 

I Richardson, loc. ait. p. 228. 
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For all cases in which saturation currents can be measured 
which change sufficiently slowly with the tune for measurements 
of the temperature variation to be possible, the c urr ent can be 

'represented by an expression of the form a6*e- t " > . The value 
of h is usually less than in the corresponding electron formula, so 
that the positive current increases less rapidly with increasing 
temperature than does the negative, and becomes nAgligrKU in 
comparison at high temperatures. 

This equation also applies to the emission from a Nezust 
filament, and to the positive currents which are obtained from, a 
number of salts when heated. 

The phenomena of the e mis sion of positive electricity from 
solids are extremely complicated, much more so than in the case 
of electron emission. One reason is that, in many cases, the effects 
are modified profoundly by chemical changes produced bv the 
heating, while in others the emission is due mainly to minute 
traces of impurities. Richardson gives a good account of a numb er 
of experiments that have been made on various substances and 
under various experimental conditions, and the reader is referred 
to him for details. 

Values of elm. 

116*1. The most powerful method of attack on this com- 
plicated problem has been the determination of ejm for the emitted 
particles. The first method used by one of the authors was an 
adaptation of that of § 67 to the case of positive ions. For ions 
from platinum values of the mass were found ranging from 14 to 
170 times that of a hydrogen atom, with indications of a few 
carriers of still greater mass, perhaps platinum dust. 

More recent experiments 1 have been made by the method 
of coincident electric and magnetic fields as used in experiments 
on positive rays. The ions from heated platinum were found to 
have a value of ejm corresponding to a weight of 27, when the 
only gas detectable spectroscopically was CO (molecular weight 
28). When the platinum had been heated in hydrogen for some 
time, the average weight was reduced to 9, indicating the presence 
of hydrogen atoms or molecules. These results indicate that the 

z J. J. Thomson, Proc. Comb. Phil. Soc. xv. p. 64, 1908. 
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ions from platinum heated in a fairly good vacuum, and after the 
initial emission has disappeared, are atoms and molecules of the 
gases present, with some atoms of the metal itself. As regards 
the latter point, Jenkins 1 has found evidence of heavy positive" 
ions from tungsten near its melting point, and considers that they 
consist of atoms of the metal. It seems possible however that 
they are formed from the vapour of the metal by photoelectric 
action. The presence of the heavy metallic ions may be con- 
nected with the disintegration of the platinum which occurs when 
it is heated in a gas containing oxygen, and so be indirectly 
a ch emic al effect. There is plenty of evidence in the low mobilities 
found for thermal ions for the existence of heavy particles at 
high pressures. 

The ions corresponding to the large initial emission have been 
investigated by Richardson 2 . In conjunction with Hulbert he 
measured the value of e/m for the ions from Pt, Pd, Cu, Ag, Ni, 
Os, Au, Fe, Ta, W, C, brass, steel and nichrome. The apparatus 
used was similar to that used for investigating the distribution of 
velocities parallel to the emitting surface (see Fig. 92). A mag- 
netic field H was applied perpendicular to the plane of the figure, 
and the position found for the slit which gave the greatest pro- 
portion of the ions passing through it. If the displacement of 
this position from that opposite the heated strip is x, and z is the 

9Fse 2 

distance between the plates, e/m = ; the values obtained 

all lay between 21*1 and 30-5, average 26-9, taking oxygen as 16, 
the only exception being tungsten, which behaved rather erratically 
and gave 42*1. At first sight these values suggest very strongly 
that the ions are carbon monoxide or nitrogen (each 28) and 
perhaps C0 2 for the tungsten. These gases are also among those 
most commonly present in the residual gas in an evacuated vessel. 
Richardson however apparently considers that the results are not 
sufficiently accurate to warrant this conclusion, and experiments 
made with improved apparatus have led to a different result. 

In these experiments great care was taken to prevent the 
heated strip from bowing when heated, to ensure that H and z 

i Jenkms, Phil. Mag. xlvn. p 1025, 1924. 

3 Richardson and Hulbert, Phil. Mag xx. p. 545, 1910. 
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were accurately measured and that the electric field was uniform. 
Some of the observations were taken by a somewhat different 
method, namely, measuring separately the current carried by the 
ions to the portions of plate JB on the two sides of the slitj and 
finding for what value of x they were equal. Pig. 96 shows the 
results obtained for platinum, and for the ions from potassium 
sulphate. It will he seen that the two agree well with each other 
and reasonably well with the value to be expected for potassium 
ions, while after prolonged heating sodium ions seem to be emitted. 



Time heated (hours) 
Fig, 96. 


Ions from mangamn strip and from iron also shewed masses of 
about 40. Since these results occur with metals cleaned by 
reagents, it is clear that the potassium is not derived simply from 
dirt but must be present as an impurity in the metal, or, less 
probably, in the reagents used. Similar results have been found 
for the ions emitted when the wire is e revived * by heating or 
straining. Richardson has calculated that in several cases the 
total weight of ions emitted m the early emission bears a ratio 
to the weight of the metal of about 1 : 10 7 . 

ejmfor Ions from Heated Salts 

117*1. Measurements have also been made of the value of e t m 
for the positive ions emit ted by many salts when heated. In all 
cases the ions are charged atoms of a metal, but in many cases the 
great majority are not due to one of the main constituents of the 

£15-2 
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salt, but to an impurity 1 . Richardson 3 , using the above method, 
examined the sulphates of the alkali metals. Lithium sulphate 
gave at first a single kind of ion of weight 35*9. After 12 hours’ 
heating two kinds of ions appeared of masses 41*8 and 5*5. With 
contmued heating the heavier ions disappeared and after 44 hours 
were inappreciable. Further heating resulted in the appearance 
of a new kind of ion of mass 20*6 and the disappearance of the 
old. By this time the emission was very small and the salt had 
mostly volatilised. These results are clearly to be explained as 
due to atoms of different metals coming off at different stages. 
First potassium originally present as impurity, then the lithium 
forming the greater part of the whole, and finally sodium from an 
impurity. The other alkali sulphates did not show more than 
one kind of ion; the mass found varied slightly with the time of 
heating but was always close to that of an atom of the metal in 
question, except in one experiment with caesium which showed 
at first a value corresponding to rubidium. Sodium fluoride and 
iodide behaved like the sulphates. 

The salts of the alkaline earths have been investigated by 
Richardson and by Davisson^. The ions found in all cases corre- 
spond to single charged atoms in spite of the divalent nature of 
the metals. Salts of Ba and Sr gave ions of the corresponding 
weights with, in some cases, indications of ions of weight corre- 
sponding to K. Calcium and magnesium ions are hard to dis- 
tinguish from potassium and sodium respectively, but it was 
concluded that they were present when the corresponding salts 
were heated. Beryllium salts, on the other hand, gave only ions 
corresponding in weight to potassium and sodium, and probably 
due to impurities of these substances. Haloid salts of zinc and 
cadmium gave mostly doubly charged ions of the metal, but the 
singly charged ions sometimes occur as well as, in some cases, 
potassium and sodium. 

A large number of salts give emissions apparently due only 

r Garrett, 19-110 made the first measurements, by the method of § 67 found 
about 10 per cent of the 10ns from aluminium phosphate to be hydrogen, but 
has not been confirmed by subsequent workers 

2 Richardson, Phil Mag. xx pp 981, 999, 1910. 

3 Davisson, Phil. Mag. xxui. p. 121, 1912. 
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to impurities of sodium or potassium, the latter being the more 
common. Among these are FeCl s , A1P0 4 , Baa(PO,) 2 , BeSO., 
Be(NO a ) a , AgCl, Agl, PbCl a , PbBr a , PtCl 2 , ALP 3 , CuCL,, the seven 
last having been investigated by Waterman 1 . He found indica- 
tions of copper with two charges from CuCl 2 and of molybdenum 
with one charge from the mineral molybdenite. 

117*2. Positive ions from salts heated in various ways have 
been used in recent years in the investigation of the isotopes of the 
metals they contain. Their use for this purpose of course depends 
on their being metallic ions. In one method, used by Aston®, the 
salt is heated on a strip of platinum and the ions driven off by a 
large potential, about 20,000 volts, between this and the cathode 
containing a system of shts used to isolate a beam, which is then 
analysed by electric and magnetic fields to form a ‘mass spectrum.’ 
The current obtained is of the order of 2 milliamps, which is much 
larger than that due to the unaided thermal emission. On the 
other hand the pressure used is so low that practically no current 
passes when the salt is not heated. Possibly there is a reciprocal 
bombardment of anode and cathode by electrons and positive 
ions respectively, the impact of each producing the other. Perhaps 
also the small amounts of gas released from the heated salt help 
to carry the discharge By this method ions of the alkali earths 
have been successfully obtained, but the intensity is very capricious. 
The discharge seems to concentrate on certain points which cannot 
be predicted beforehand. The ions when obtained are all singly 
charged atoms of the metals. For other elements it was found 
necessary to use the method of anode rays. 

These rays are obtained when a discharge is passed through 
a tube cont aining sufficient gas to allow it to pass easily, using 
as an anode a paste of haloid salts made conducting by mixin g 
with graphite. They then appear as a visible beam diverging 
from the anode. For a fuller account of their properties and 
production see Rays of Positive Electricity, p. 142. These 
rays consist of charged atoms of the metals of the salt. By 
analysing these rays by the parabola method one of the authors 

x ’Waterman, Phil Mag. xxxiii. p 225, 1917* 

2 Aston, Phil. Maty, xln- p. 436, 1921. 
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discovered the presence of two isotopes in lithium 1 . They are 
given most copiously by the salts of alkalis, but the alkaline earths 2 
also give good results. In both cases only singly charged metal 
atoms were found. Positively charged atoms of iodine and fluorine 
were also observed, but these were probably due to ionisation of 
the gas, as they usually did not have energy equal to the full 
difference of potential between the electrodes. Aston3 has since 
obtained these rays for a large number of elements, including Sc, 
Ti, Y, Or, Mn, Co, Cu, Ga, Ge, Sr, Y and Ag, whose isotopes he 
has investigated by forming their mass spectra, and at a later 
date4 Ba, La, Pr, Nd, Ce, Zr, Cd, Te, Pb, Bi and In. He records 
one photograph in which doubly charged Ca was observed, but 
in all cases the smgly charged ions were much more numerous. 

It is open to question how far these rays can properly be 
grouped under the heading of thermal ions. They are produced 
by the bombardment of the anode by the negative ions in the 
discharge, and it seems to be necessary that a halogen, preferably 
iodine, should be present. The action of this is to load up the 
electrons and so produce a large fall of potential of the order of 
1000 volts in the immediate vicinity of the anode. The bombard- 
ment of the anode by these heavy negative ions must have an 
intense local heating effect, but whether this alone is sufficient to 
cause the powerful emission observed is doubtful. When the rays 
are produced the anode emits a considerable amount of gas, and 
its surface glows with the spectrum characteristic of the metal, 
which is also seen in the rays. The rarity of double charges m 
the case of the alkaline earths is against the process being analogous 
to the electrolysis of fused salts, but there is undoubtedly violent 
chemical action going on and this may have an important effect. 

Dempster^ has obtained positive ions for the investigation of 
isotopes, by bombarding the heated metal with electrons of 30 
to 160 volts energy. The metal is heated by a separate circuit 
as well as by bombardment. This fnethod was successful with 
Li, Mg, K, Ca and Zn. As the metal was appreciably volatilised 

1 Aston and G P. Thomson, Nature, cvi. p 827, 1921. 

2 G. P. Thomson, Phil Mag . xlu. p 857, 1921. 

3 Aston, Phil . Mag . xlvii. p 385, 1924. 

4 Aston, Phil . Mag. xlix. p. 1191, 1925. 

5 Dempster, Phys. Rev. xvm. p. 415, 1921; xx. p 631, 1922. 
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this may simply be a case of ionisation, by collision in the gaseous 
state. In the case of lithium, when freshly heated after exposure 
to the air, positively charged hydrogen atoms (protons) were 
obtained at first The ions all carried a single charge. He has 
since 1 used li thium that had been allowed to oxidise and was 
then bombarded by cathode rays, as a source of protons. Hydrogen 
molecules, water vapour and nitrogen molecules were also given 
off as ions. Volmer 2 has measured ejm for the ions from CdL>, OdCL,, 
ZnCla, PbBr a , CaF 2 His method consisted in measuring 
the magnetic field required to shift a stream of the ions from one 
electrode to another. He finds m all cases doubly charged atoms 
of the metals only, but the method does not seem a very se nsit ive 
one. It may be mentioned that Kondratjeff3 n«mg io nisatio n bv 
electron impacts finds the principal ionisation of ZnCL to be into' 
ZnCl+ and Cl - at about 12 volts. Knasman 4 has found that a fused 
mixture of iron oxide with one per cent, of oxide of an alkali or 
alkaline earth is a good source of ions of the impurity. 

JStmssion from Metals . 

117*3. Since the emission from metals is apparently mostly or 
entirely due to substances other than the metal itself, it can readily 
be understood that the effects are capricious. The usual rapid de- 
crease with time is presumably due to the removal of the potassium 
or sodium, which forms the ions from the surface layer of the metal. 
The steady emission m a gas, which appears as a definite function 
of the pressure, is probably due to atoms or molecules of the gas 
ionised in some way by contact with the hot metal. Helium gives 
an effect, though not a very large one, so the process is not purely 
chemical. Hydrogen and oxygen both take some time to produce 
the full effect corresponding to the pressure, at least in the case of 
platinum, on which most of the experiments have been done. 
As the result of some experiments on the positive emission from 
platinum, through which hydrogen is allowed to diffuse, Richardson 
s ug gests that the gas in the metal is ionised and a few of the ions 
escape as such, a view which was also advanced in the early 

1 Dempster, Pioc. Nat . Acad. Set. xu. p. 96, 1926. 

2 Volmer, Zetts f Phys. xxvi p. 286, 1924. 

3 Kondratjeff. Zeits. f. Phys. xxxii p. 536, 1925. 

4 Barton, Hamwell and ICunsxnan, Phys. Rev. xxvii. p. 738, 1926. 
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editions of this book. More experiments are needed on the value 
of e/m for the ions in the ‘steady’ emission in various gases before 
any certain conclusions can be reached. For an account of the 
rather eomplicabed variation of the current with pressure in various 
gases, see Richardson, pp. 230 et seq. 

The Kinetic Energy of Positive Ions. 

117*4. ^Richardson 1 has investigated the distribution of velocity 
among the positive ions, taking the component parallel to the 
surface and -using the same method as for electrons. The results 
are in agreement with the hypothesis that the distribution was 
that of Maxwell’s law, and the average kinetic energy was that 
corresponding to the temperature of the hot metal. Brown 2 
made investigations on the normal component of velocity, with 
the same result. These experiments were made on the ions given 
off by hot platinum, and involve the assumption that the ions 
carry a single charge. Other experiments by Brown3 on a number 
of metals and aluminium phosphate showed considerable diver- 
gence from theory in some cases. Some of these may have been 
due to complications arising from the presence of electrons. The 
agreement of the earlier results is further evidence that, in most 
cases at least, the ions are singly charged. 

Effect of Vapours on the Rate of Leak. 

118. We have seen that in the best vacua we can produce, a 
metal when first it begins to glow gives off positive electricity 
and then at considerably higher temperatures negative electricity 
as well, the rate of emission of negative electricity increasing more 
rapidly with the temperature than that of the positive, so that at 
very high temperatures the negative is greatly in excess of the 
positive. Thus to make a metal emit positive electricity we have 
to communicate a certain amount of energy to its surface, a larger 
amount being required to make it give out negative electricity. 
When the incandescent metal is surrounded by gas at an appre- 
ciable pressure we find that the nature of the gas has a very 

1 Richardson, Phil. Mag. xvi. p. 890, 1908. 

2 Brown, Phil. Mag xvii. p 355, 1909. 

3 Brown, PM. Mag. xvm. p. 649, 1909 
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distinct effect upon the amount of leak. The author 1 bgg shown 
that gases such as the vapours of iodine and bromine, chlorine, 
hydriodic acid gas, hydrobromio acid gas, hydrochloric acid gas, 
the vapours of potassium iodide, sal-ammoniac, sodium chloride, 
potassium chloride, which are dissociated by heat conduct elec- 
tricity on quite a different scale from those which like air, hydrogen 
or nitrogen do not suffer any dissociation; in the latter c as e the 
leak is not greater than could be accounted for bv the emission 
of ions from the electrodes, in the former case it is verv much 
greater, showing that the gas itself is ionised. 

The vapours of many metals conduct very well; of the Tno tafg 
I tried, sodium, potassium, thallium, ca dmium, bismuth, lead, 
aluminium, magnesium, tin, zinc, silver and mercury; sodium 
potassium had the highest conductivity; while the conductivity 
of the vapours of mercury, tin, thallium, did not seem any greater 
than that of air; so that the small conductivity actually observed 
might have been due to the presence of air and not to the vapour 
of the metal. See also § 125*5 

118*1. The difficulty in work on these lines is to distinguish with 
certainty between ions given off from the solids and a true volume 
ionisation of the vapour. Kalendyk 2 working with Cdl 2 vapour 
at a temperature of about 300° found a de finit e conductivity at 
a distance from the solid, and after the vapour had passed through 
an electric field to remove ions. If the vapour was dry the con- 
ductivity had a constant value. If water was present the con- 
ductivity was increased but showed time changes. The vapour 
of ELI would conduct when wet but not when dry. The current 
through the Cdlg vapour could be represented by the expression 
ae~*l e ; in these experiments the temperature of the vapour could 
be varied without changing that of the salt. Sheard3 has also 
found that the vapour from Cdl 8 is conducting, but it is very 
difficult at these comparatively low temperatures to be sure that 
the salt does not form a solid deposit on the testing electrodes. 
Prom the value of b and thermodynamical considerations Kalendyk 
found for the ionisation potential of the substances tested the 

1 J J Thomson, Phil Mag v 29, pp 358, 441, 1890. 

2 Kalendyk, Proo. Boy Soc xo. p. 634, 1914. 

3 Sheard, Phil. Mag xxv. p. 370, 1913. 
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following: Cdl 2 1-93 volts, Znl 2 2-72 volts, ZnBr a 2-97 volts. He 
also found that PBr 6 and SC1 2 , which dissociate with heat, did 
not conduct, so that dissociation is not necessarily accompanied 
by conductivity. 

In a recent paper Schmidt and Walter 1 find that there is no 
volume ionisation in Cdl 2 and that the only ions emitted from the 
surface of the salt are positive. This is contrary to Sheard’s results 
and suggests that the effects attributed to volume ionisation are 
due really to contamination of the electrodes by the salt and sub- 
sequent emission of positive ions. 

j Emission from Salts. 

118 * 2 . The e mis sion of electricity from heated salts was observed 
by Beattie 2 , who found that a large number of substances increased 
the leak across a parallel plate air condenser at a temperature of about 
300° C. In an experiment by one of the authorsS various inorganic 
salts were spread on a heated porcelain tube and their discharging 
effect measured on an electroscope with a collector surro unding 
the tube. The tube was at a red heat and was in air at atmospheric 
pressure. Chlorides and phosphates were found to discharge 
positive electricity and the oxides negative, the nitrates discharged 
positive electricity till converted into oxides, after which they dis- 
charged negative. The sign of the charge given ofE by the salt 
was opposite to that acquired when rubbed with a pestle in a 
mortar. Aluminium phosphate gave an abnormally large effect 
(the salts of the alkali metals were not tried) which decreased with 
continuous heating but was not much affected by reduction of 
pressure or change of atmosphere to hydrogen or carbon dioxide. 
It is now known that this large emission is due to the presence 
of impurities, and Richardson working with specially prepared 
aluminium phosphate of very high purity found a very small 
emission. 

In most cases salts, both in a vacuum and in gases, show a 
more or less complicated change of emission with tim e which 
appears to be due, at least in many cases, to chemical changes 

i Schmidt and Walter, Ann. der Phys lzxn. p. 565, 1923 

3 Beattie, PM. Mag. v. 48, p. 97, 1899; vi. 1, p. 442, 1901. 

3 J. J. Thomson, Proc. Oamb. Phil. Soe. xiv. p 105, 1906. 
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taking place. The curves often resemble those giving the radiation 
from radioactive substances "where several successive transforma- 
tions are involved, and it seems probable that m most cases the 
substance giving the greatest part of the emission is a product 
formed by the heating. There is often a quick rise to a maximum 
followed by a slow irregular fall. The presence or absence of 
water vapour is often important. In the case of al uminium phos- 
phate Richardson found that the rate of decay of emission was 
most marked when the salt was positively charged In most 
cases the emission is affected by the presence of gas, there being 
often a maximum emission at a certain pressure. The most 
important fact in connection with the effect of gases is that, as 
Davisson has shown, the ions emitted are still atoms of the metal 
of the salt, or of an impurity, and not molecules of the gas Thus 
SrCl 2 gave Sr ions, SrS0 4 gave K or Sr and A1P0 4 gave Na ions, 
as determined by the value of e/m, for all pressures at which the 
measurements could be made. The gases were CO s , air and 
hydrogen. SrCla and SrS0 2 evolved CO, but no trace was found 
of ions of mass corresponding to this or to hydrogen. 

It may be noticed that the emission from impure aluminium 
phosphate, which is mostly sodium ions, may exceed that from 
sodium phosphate initially, though it decays rapidly. In general 
the effects of small impurities is much larger than one would 
expect. A great deal of work has been done on the emission 
from salts, among the authors being Garrett and Willows, Garrett, 
Schmidt, Sheard, Horton, H. A. Wilson and Richardson (see 
Richardson, Emission of Electricity from Hot Bodies , chap. vm). 

The Distribution of Potential near Glowing Electrodes. 

119. We shall confine ourselves to the case when the current 
passes between two parallel plane electrodes. If one of these be 
hot and the other cold — too cold to emit either positive or negative 
ions — the current will be carried entirely by ions of one sign, the 
electric force will therefore increase continuously from the hot 
plate to the cold one, and (see p. 376) the distribution of potential 
will be represented by a curve similar to that m Fig &7, the 
lower electrode being the hotter of the two. Similar curves will 
represent the distribution of potential when both plates are hot' 
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provided the temperature of the negative plate is not high enough 
for negative as •well as positive ions to be emitted by the plate, 
for it is evident that in this ease the current has to be carried 
entirely by positive ions. The shape of the curve will change 
when both plates are hot enough to emit ions and the negative 
so hot that negative as well as positive ions are emitted. For, 
when the field is strong most of the positive ions will be driven 
from the positive plate and the negative ions from the negative 
plate; there will be an excess of positive ions at the negative 
plate, so that in its neighbourhood the potential curve will be 
concave, and an excess of negative ions at the positive, which 




will make the potential curve convex. The potential curve will 
be like the higher curve in Fig. 98, the straight part in the middle 
showing that except close to the plates there are approximately 
equal numbers of positive and negative ions present. Curves 
similar to this have been obtained by H. A. Wilson 1 and Marx?. 

The variation in the current due to varying the sign of the 
* potential difference is shown in some early experiments of 
H. A. Wilson from which Fig. 99 is taken. This shows the current 
between two concentric cylindrical electrodes of platinum of 
diameters 0*75 cm. and 0*3 cm. heated in air at atmospheric 
pressure. The bulk of the ionisation was probably due to the 
emission of positive ions from the platinum. In this case the 
field would be stronger near the inner electrode apart from the 
effect of space charge. The temperature of the outer electrode 


1 H. A. Wilson, PTiiL Trans . A, cxcii. p. 499, 1899. 

2 Marx, Ann. der Phys. ii. p. 768, 1900* 
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was 1080° 0. in. this experiment, that of the innpr considerablv 
less. 

When the hot plates are made of different materials, Pettinelli 
and Marolli 1 have shown that the magnitude of the current 
depends upon which metal is used as the cathode, thus with 
electrodes of carbon and iron the current when the carbon, was 
cathode was three or four times the current when the iron was 
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Fig 99. 

cathode; they state that the current is greatest when the more 
porous substance is used as the cathode. These effects are much 
more marked at high than at low temperatures; it is probable 
that they do not co mme nce until the temperature is high enough 
to produce negative ions. 

Mobilities of Ions from Salts - 

120 * 1 . While the ions when first formed are seen from the experi- 
ments of § 117*1 to be charged atoms, this is not the case after they 
have existed for a short time in gas at a considerable pressure. 

Garrett and Willows 2 found for the ions from the haloid salts 
of yinf 1 . heated to about 360° 0. mobilities of the positive ions of 

1 Pettinelli and Marolli, Att% della Accad, dei lancet, v. p. 136, 1896. 

2 Garrett and Willows, PhiL Mag . vui. p. 462, 1904. 
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about -006 in cm. per sec. per volt cm. -1 . In these experiments 
the mobilities were measured by the method used by McClelland 
at a temperature much lower than that of the salt. This 
value is of course much less than that of X-ray ions, so it is assumed 
that the ions have become loaded up by gathering round them 
molecules of salt or gas. 

Moreau 1 has made a series of experiments on the mobilities of 
the ions obtained by blowing vaporised salt solutions through a 
tube heated to 800°-900° C. The mobilities were measured after 
the mix ture had cooled down to 170° C or less They were inter- 
mediate between those of X-ray ions and those of the heavy 
Langevin ions and decreased as the gas cooled. 

Garrett 2 has used Method VIII to find k for the ions from various 
salts (Znl 2 , Bil 3 , Pbl 2 , Cdl 2 ). In these experiments the air in 
which the mobilities were measured was at the temperature of 
the salt, 215° C. The pressures varied from 10 to 90 mm. of 
mercury. At 40 mm. pressure the mobilities of the positive ions 
were about -03 except in the case of Cdl 2 , where they were about 
•06. The mobilities of the negative ions at the same pressure 
were about -4 for Znl 2 and also for Cal 2 , Bal 2 ; these latter gave no 
positive ions when dry. At lower temperatures, down to about 
190° C., the mobilities of the positive ions decreased. The product 
of pressure and mobility was approximately constant in the case 
of positive ions from Bil 3 and for negative ions. This shows that 
no great change m the structure of the ions occurs over the range 
of pressures used. 

Todd 3 , however, working at pressures down to 0-1 mm. found 
a marked increase in the value of the product below about 1 mm. 
in the case of air and about 10 mm. in the case of hydrogen. He 
worked with the positive ions from aluminium phosphate this 
salt is hardly volatile at the temperatures used, so the loading 
up of the ions is probably due to gas molecules rather than salt 
vapour. He found the product of mobility and pressure was 
about the same as for X-ray ions. For a discussion of the problems 
connected with the mobility of ions see Chap. III. 

1 Moreau, Ann . de Chem. et de Phys . viu. p. 201, 1906. 

2 Garrett, Phil Mag . xui. p 739, 1907. 

3 Todd, Phil . Mag xxii. p. 791, 1911. 



CHAPTER X 

IONISATION IN GASES FROM IXAMES 

121 • It lias been known for more tlian a century tliat gases 
from flames are conductors of electricity: a well-known applica- 
tion of this fact — the discharge of electricity from tlie surface of 
a non-conductor by passing a flame over it — was used by Volta 
m bis experiments on Contact Electricity. We shall not attempt 
to give any historical account of the earlier experiments on this 
subject, because the conditions in these experiments were generally 
such that the interpretation of the results obtained is always 
exceedingly difficult and often ambiguous: the reason of this is 
very obvious — to investigate the electrical conditions of the flame 
wires are generally introduced, these become incandescent and so 
at once add to the electrical phenomena in the flame the very 
complicated effects we have been discussing in the last chapter. 

The gases which come from the flame, even when they have 
got some distance away from it and have been cooled by the 
surrounding air, possess for some time considerable conductivity, 
and will discharge an insulated conductor placed within their 
reach. The conductivity can be entirely taken out of the gas by 
making it pass through a strong electric held, this field abstracts 
the ions from the gas, driving them against the electrodes so that 
when the gas emerges from the field, although its chemical com- 
position is unaltered, its conductmg power is gone. This result 
shows too that no uncharged radioactive substances, such as 
emanate from thorium and some other substances, are produced 
in the fl am e; these would not be taken out by the field, so that if 
they existed the conductivity of the gas would not be destroyed 
by the field. If not driven out of the gas by an electric field the 
ions are fairly long lived. Thus in some experiments Griese 
noticed that the gas retained appreciable conductivity 6 or 7 
minutes after it had left the flame. The ions stick to any dust 
there may be in the air and then move very slowly so that their 
rate of recombination becomes exceedingly slow. [McClelland 1 has 
i McClelland, JPhtL Mag . v. 46, p. 29, 1898. 
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shown that the velocity of the ions under a given electric force 
decreases very much as they recede from the dame ; thus close to 
the flame the velocity under the force of a volt per centimetre 
was *23 cm./sec., while some distance away from it the velocity 
was only *04 cm./sec. 

Tr> order that a conductor should be discharged by a flame it 
is not necessary that it should be placed where the gases from 
the flame would naturally strike it — thus for example it will be 
discharged if placed underneath a Bunsen flame. The explanation 
of this is that the electric field due to the charged conductor 
drags out of the flame and up to the conductor ions of opposite 
sign to the charge. 

This ionised gas is produced by flames of coal gas whether 
l umino us or not, by the oxy-hydrogen flame, by the alcohol flame 
of a spirit lamp, by a flame of carbonic oxide; it is not however 
produced m very low temperature flames such as the pale lambent 
flame of ether. Thus to produce the ionised gas high temperature 
as well as chemical combination is required. That chemical com- 
bination alone is insufficient to produce ionisation is shown by the 
case of hydrogen and chlorine which do not conduct even when 
combining under ultra-violet light 1 . Braun 2 has shown that in 
the explosive wave produced in the combination of certain gases 
there is ionisation, but in this case there is also very high tem- 
perature. 

In the coal-gas flame the part where the gas comes in contact 
with the air and where there is most combustion is positively 
electrified, while the interior of the flame is negatively electrified; 
this accounts for the effect produced by holding a negatively 
electrified body near the flame, the luminous part turns to the 
negative body, and if this is near, stretches out until it comes 
into contact with it; if the flame be placed between two oppositely 
charged plates the bright outer portion of the flame is attracted 
towards the negative plate while the inner portion moves, but less 
markedly, towards the positive plate. This effect is illustrated 
by Tig. 100 taken from a paper by Neureneuf3. In some experi- 

1 J. J. Thomson, Proc . Camb. Phil. Soc . xi. p 90, 1901. 

2 Braun, Zeitschnft fur Phyaikahsche Chemie, xin. p. 155, 1894. 

3 Neureneuf, Annales de Chim . et de Phys. v. 2, p. 473, 1874. 
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ments made by Holtz 1 , one of which is fig ured in Fig. lol, the 
flame was divided by the electric field between the plates into two 
sheets ; the reader will find many other interesting experiments on 
the effect of an electric field on the shape of flames in the papers 
by Nenrenenf and Holtz. It appears from these results that in 
the bright portion of the flame where combustion is taking place 
there is an excess of positive electricity, while in the unburnt coal 
gas there is an excess of negative, a fact discovered a long time 
ago by Pouillet 2 . If the hydrogen and oxygen were io nis ed bv 
the heat, then since negative ions of oxygen combine with positive 
ions of hydrogen to form water, the negative oxygen ions and 
the positive hydrogen ones would get used up, and there would 



be an excess of positive electricity m the oxygen and of negative 
in the hydrogen. It is possible too that at a temperature corre- 
sponding to that of vivid incandescence in a sohd the molecules 
of a gas may like those of a solid give out electrons, on this account 
there would be a tendency for the hotter parts of the flame to be 
positively, the colder negatively, electrified. When as in luminous 
flames we have small particles of sohd carbon raised to the tem- 
perature of vivid incandescence the electrical effects are com- 
plicated by those due to incandescent solids, which as we have seen 
in the last chapter are very considerable. 

When two wires connected together through a sensitive gal- 
vanometer are placed in different parts of the flame currents flow 
thro ugh the galvanometer; suppose one of the wires is placed in 
the cool inner portion of the flame where there is an excess of 

r Holtz, Coal. Rupert xvu. p 269, 1881. 

2 Pouillet, Ann. de CKim et de Phya. sxzv. p 410, 1827. 



402 IONISATION IN GASES FROM FLAMES [121 

negative electricity, while the other wire is placed at the outside 
of the flame where there is an excess of positive electricity, there 
will, neglecting any ionisation due to the wire, be a current from 
the hot outer portion of the flame to the cool inner portion through 
the galvanometer: the wire in the outer portion will however 
certainly be raised to incandescence; if its temperature keeps so 
low that only positive ions are produced at its surface, then there 
will on this account be a current of electricity from the hot to the 
cool part of the flame through the flame and thus in the opposite 
direction to the previous current If however the wire got so 
hot that it emitted more negative than positive ions the effect of 
the in can descence of the wires would be to mcrease instead of 
rHimm gliing the current due to the flame itself. Thus we see 
that these currents will vary in a complex way with the tem- 
perature. For an account of the currents which can thus be 
tapped from a flame and for other electrical properties of flames 
we must refer the reader to the papers of Erman 1 , Hankel 2 3 , 
HittorfS, Braun 4 , Herwig 5 , and especially of Giese 6 7 , who was the 
first to suggest that the conduction of electricity through flames 
and hot gases was due to the motion of charged ions distributed 
through the gases- there is a very complete account of these 
researches in Wiedemann’s Elektnaitat, Bd. iv. B, chap. 4. 

121*1. Lenard has shown that the streak of coloured vapour 
formed about a bead of a salt placed in the flames is deflected by a 
horizontal electric field as though it had a positive charge. Andrade?, 
who has further investigated this effect, finds that the deflection 
of the streak is greater than that of the flame, though Wilson 8 
has since cast doubt on this point. If the field was continued foi 
some time, Andrade found that a deposit was formed on the negative 
plate (placed out of the flame), which gave the characteristic 
colour of the metal when heated in a flame. This deposit was nol 

1 Erman, Gilbert. Ann xi. p. 150, 1802, xxn p. 14, 1800. 

2 Hankel, Pogg . Ann . lxxxi p 213, 1850, cvm. p 146, 1859. 

3 Hjttorf, Pogg . Ann. cxxxvi. p 197, 1869; JubolbcL p, 430, 1874. 

4 Braun, Pogg Ann . cliv. p. 481, 1875. 

5 Herwig, Wied. Ann . i. p 516, 1877. 

6 Giese, Wied Ann . xvii. pp. 1, 236, 519, 1882; xxxviu. p. 403, 1889. 

7 Andrade, Phil Mag xxiii p 865, 1912; also xxiv. p 15, 1912. 

8 Wilson, Phil. Tran* A, ocxvi. p 63, 1915 
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formed if the plates were uncharged, or on. the positive plate 
except to a slight extent with sodium. This shows that positive 
ions of the metal are present m these cases. 

In some cases a deflection of part of the streak towards the 
positive plate was observed, and at a pressure of three atmospheres it 
divided into two equally bright portions, one deflected each way. 
This recalls the effect shown in Fig. 101 and suggests tha t the 
movement of the streak is caused in a similar way to that of the 
flame (see § 126 below). 

Conduction of Electricity thiough Flames. 

122. The passage of electricity through flames has been in- 
vestigated by Arrhenius 1 , H. A. Wilson 2 , Marx 3, Starke 4 , 
Moreau 5 , Stark 6 , Tufts 7, Tufts and Stark 8 and later writers. 
The most important phenomena of flame conduction are as follows. 

Distribution of Electric Intensity between the Electrodes. 

There is a very intense electric field close to the negative 
electrode and a weak uniform field between the electrodes; the field 
near the positive electrode, although not nearly so intense as that 
close to the negative, is stronger than that at some distance from 
either electrode. The distribution of electric intensity is of the 
type shown in Fig. 102. 

Fig. 103 represents the distribution of electric potential measured 
by H. A. Wilson between electrodes 18 cm. apart in a long flame 
from a quartz tube burner. The difference of potential between 
the electrodes was 550 volts and it will be noticed that a drop of 
450 volts ocours quite close to the cathode. 

If X is the electric intensity at a point x, q the amount of 
ionisation per unit volume, ^ , Jc% the velocities of the positive and 

x Arrhenius, Wied. Ann. xlii. p. 18, 1891. 

2 H. A. Wilson, Phil Tram. A, oxen. p. 499, 1899; Proceedings Physical Society. 

3 Marx, Ann. d. Phys. h. pp. 768, 798, 1900, Verh. d. D. Phys Ges. v. p. 441. 
1903. 

4 Starke, Verh. d. D. Phys Ges. v 364, 1903; vi p. 33, 1904. 

5 Moreau, Ann. de Chtmte et de Physique, vu. 30, p. 1, 1903 

6 Stark, Phystk. Zettschr. v. p 83, 1904. 

7 Tufts, Phystk. Zettschr. v. p. 76, 1904. 

8 Tufts and Stark, Phystk. ZeitscJvr. v. p 348, 1904. 
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negative ions under unit force, m, n the numbers of positive and 
negative ions per unit volume, we have by equation (7), p. 195, 
d*X* 


dafi 


One (q — anm) 


d z X z 


Since X is constant along the flame ^,~ a ~ vanishes, hence 


q — anm. 
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Tims the ionisation balances the recombination j as recombina- 
tion of the ions is certainly taking place in the flame it follows that 
there must be ionisation throughout the flame. 


122*1. It was shown in §§ 44 and 45 that the whole fall of 
potential in a case like this, where there is a region of constant 
force, can be regarded as made up of three parts, the fall of potential 
near each electrode and that in the uniform field. Write 

V = Vi + Vn+ r 0 , 

where V 1 is the fall of potential at the anode, F 2 at the cathode 
and V 0 in the uniform part of the field. By § 44, 


and since the results show that the potential fall at the cathode 
is much greater than at the anode, it follows that the mobility 
of the negative ions is much greater than , that of the positive. 
Under the conditions of these experiments 

Fa = + (see p ' 201) ‘ 

Substituting for j8 a and neglecting we find 



If l is the distance between the plates, 

(see *- 198 >- 

tli© term %fqe being the width of the region occupied by the electrode 
falls of potential. The term V 1 varies as % 2 but is unimportant. 

We see at once that V is of the form Ai 2 + Bi; Wilson 1 has 
shown that this result is confirmed experimentally with con- 
siderable accuracy. Fig. 104 shows the type of apparatus used, 
the flame being formed from twenty-five small brass tubes, to 
each of which a fused quartz tube is attached with a short piece 
of mdia-rubber tubing. The electrodes E are pla tinum discs, and 
their dist ance apart can be adjusted. In this case the current is 
horizontal and the vertical velocity of the flame makes very little 


I H. A. Wilson, Electrical Properties of Flames, p. 62, 1912. 
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difference Experiments have sometimes been made with hori- 
zontal gauze electrodes, through which the flame streamed. Tn 
this case the theory must be modified, especially if the lower 
electrode is negative, and there is then a supply of negative ions 
through the cathode. The value of the constant B is on this 
theory approximately 

(°rf ^ \ 

\q) e &2 ~~ nek 2 ’ 

where n is the number of ions of each kind per c.c. The potential 
gradient is therefore i/nek 2 , and this portion of the flame obeys 
Ohm’s law, the specific conductivity being nek 2 . Wilson 1 and 



Fig 104. 


Gold 2 have verified this over a considerable range of current. 
The specific resistance varies greatly with the mixture being burnt. 
Wilson found in one case about 2 x 10 s ohms cm. Gold’s experi- 
ments gave about 1-4 x 10 B ohms cm. The width of the layer 
in which the cathode fall of potential occurs is taken on thin 
theory as 

h[+ jkj ° r a PP rox; “ 3aa ^ e l7- 


The theory assumes that q is constant ; if the electrodes are massive 
pieces of metal they will considerably cool the flame near them. 
Now, as pointed out in the earlier editions of this book, the process 
of ionisation is analogous to the dissociation of a diatomic gas 
into atoms, and the expression for the amount of this dissociation 
contains a factor e - */ 9 , where 6 is the absolute temperature. Thus 
a comparatively slight cooling of the gas near the cathode would 
produce a great diminution in q. This will increase V 2 and also 


I H. A. Wilson, Phil. Mag. Oct 1905. 
3 Gold, Proa Roy. Soc. A, lxxix. 1907. 
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the thickness of the legion of non-uniform electric force. By 
adjusting the temperatures of the electrodes the fall of potential 
near them can be controlled, and in particular Marx 1 has shown 
that by keeping the positive electrode cool, the potential drop 
there may be made greater than at the cathode. 

If the cathode emits any considerable number of electrons, 
these will carry part of the current and so reduce F a The extent 
of this will depend on the ratio of i to i Qi the current carried bv 
these electrons When i = there is no cathode fall. Gold® 
however has found that the fall in potential remains even when 
the current is reduced to a very small value, so that for ordinary 
currents the effect is unimportant. This was for metal electrodes, 
for a cathode covered with lime Tufts3 found that the cathode 
fall was greatly reduced. This is doubtless due to the copious 
thermionic emission from incandescent lime. 

Conductivity of Oases containing Salt Vapours. 

123. When the vapours of salts are introduced into a flame 
the conductivity between metallic terminals is very greatly in- 
creased, and the electrical properties are simpler and more regular 
than in pure flames, the laws of the flow of electricity through 
these salt-laden flames have been investigated by Arrhenius 4 and 
H. A. WilsonS. The method — devised by Arrhenius and adopted 
by Wilson — of introducing the salt into the flame was as follows : 
a dilute solution of the salt was sprayed into exceedingly fine 
drops by a Gouy sprayer, the spray got well mixed with the coal 
gas on its way to the burner, and in the flame the water evaporated 
and the salt vaporised. The amount of salt supplied to the 
flame in unit time was estimated by determining the rate at which 
a bead of salt, introduced into an equal and similar flame so as 
to produce the same coloration as that produced by the spray 
m the original flame, burnt away. The salts used were chiefly 
the haloid and oxy-salts of the alkali metals and earths. The 
conductivity due to the salt was determined by subtracting from 

x Marx, Ann der Phys iv. p. 2, 1900. 

2 Gold, Proc Boy JSoc . A, lxxix. 1907 

3 Tufts, Phys . Zetis v p. 76, 1904. 

4 Arrhenius, Wied Ann xln p. 18, 1891. 

5 H. A Wilson, Phil. Trans A, oxen, p 499, 1899 



408 IONISATION IN GASES FROM FLAMES [123 

the current observed when the salt was in the flame the current 
with the same electromotive force in the pure flame. It was 
found that when the concentration of the solutions is small, 
equivalent solutions 1 of all salts of the same metal impart the 
same conductivity to the flame. With large concentration this 
is no longer the case, the oxy-salts giving greater conductivity 
than the haloid salts. According to Arrhenius all the salts m 
the flame are converted into hydroxides, so that whatever salts 
are used, the metal in the flame always occurs in the same form. 
The relation between the current and the electromotive force is 
represented by Fig. 105 taken from Wilson’s paper. In a later 
paper Wilson has shown that these curves are parabolas. 



When the salt vapour is put into the flame by means of a bead 
of salt on a platinum wire, very little effect on the current is 
produced when the bead is inserted in the body of the flame, 
whereas a very large increase in the current occurs when the bead 
is put close to the cathode. This does not however necessarily 
mean that the salt vapour is not ionised except close to the cathode, 
for the velocity of the negative ion is very much greater than 
that of the positive. When this is the case the distribution of the 
electric force is such that increased ionisation produces little effect 
except close to the cathode. This is because the greater part of 
V is F 2 , the fall at the cathode, which depends on the value of q 
in the region near the cathode, and will not be affected unless the 
salt gets near the cathode. It then decreases rapidly, varying 

I Equivalent solutions are those m which the weight of salt per litre is pro- 
portional to the molecular weight of the salt. 
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as That there is increased ionisation, when the salt is placed 

in the body of the flame is shown very clearly by an experiment 
made by H. A. Wilson, he measured the potential difference 
between two neighbouring points a and b in a pure flame and found 
that the electric force was about 1*6 volts per cm., he then in- 
troduced between a and b a bead of salt and found that though 
the current was not appreciably altered the electric force between 
a and b had fallen to a very small fraction of a volt per cm. : since 
the electric force is equal to 



thfa result would indicate that the value of q in the salted flame 
must be some hundreds of times its value in the unsalted. 

We may write the equation for F in the form 


_/i\ 2 l/VV «*\ , 

“ \j) *i Ufe* “ e*kj + 


q* 


fi \ ah 

Lv ekV 


We see that when F is constant i/q^ must increase as q increases, 
and that for large values of i, i will vary approximately as j‘. 
Since i/q^ increases with q we see that for a constant difference of 
potential the electric force in the body of the flame will increase 
with q, while the fall of potential at the cathode will d imini sh. 
Thus the potential gradient in the uniform part of the flame will 
be steeper in a salted flame than in a pure one, while the cathode 
fw.ll will be less ; we see too that the thickness of the layer near the 
cathode where the electric force is variable is less in a salted 
than in a pure flame, so that the uniform part of the field comes 
closer to the cathode. 


123*1. Fig. 106 shows the distribution of potential between 
the electrodes with potassium carbonate on the negative electrode. 
Comparing this with Fig. 103 we see that the changes are those 
predicted by the theory. 

Wilson has shown that, if some potassium carbonate is put on 
one of two electrodes in a flame, the difference in resistance in the 
two directions will rectify an alternating current passed through 
the flame. When the flame is completely filled with salt vapour 
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the distribution of potential between the electrodes becomes again 
similar to that in a flame without salt, but the current is much 
greater for a given potential difference. 



In the early measurements of conductivity the whole flame 
was filled with salt and the total change in current measured. 
Thus Arrhe niu s found that i = A^KV approximately. Curves 
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given in Fig. 107 taken from a paper by Smithells, Dawson and 
Wilson 1 stow tbe variation of the current with the voltage, and 
the strength K of the solution, for a series of salts. In these 
experiments the chief effect was at the cathode. Recent measure- 
ments have aimed at determining the conductivity in the region 
of constant potential gradient. This gives nek 2 , and as k s is 
probably independent of the presence of the salt, the ions being 
in all cases electrons, it is a measure of the number of ions present 
per c.c. 


The Conductivity given to the Flame by the Salts of the different Alkali 
Metals under the same condition as to temperature, potential 
difference and concentration. 

124. The Caesium salts conduct the best, and then follow in 
order the salts of Rubidium, Potassium, Sodium, Lithium, and 
Hydrogen. The order of the conductivities is thus the same as 
that of the atomic weights of the metals; the difference between 
the metals is very large, as is shown by the following table given 
by H. A. Wilson: 



Chlorides 

j Nitrates j 

Potential difference 

5*60 ! 

795 

•237 

5 60 ; 

795 i 

*237 



Current 



Current 


Caesium 

123 

60 5 

22 2 

303 

115 

36 6 

Rubidium 

41*4 

26 4 

11*3 

213 

82 4 

25*9 

Potassium 

21*0 

13 4 

5-75 

68 4 

293 

9-35 

Sodium 

3*49 

2*45 

1*15 

388 

2 67 

1-32 

Lithium 

1*29 

87 

*41 

1*47 

99 

•53 

Hydrogen 

•75 

• - 

•27 





The above refers to the total change in current between con- 
centric cylindrical electrodes, and includes the effect on the 
electrode fella of potential and on the conductivity in the region of 
uniform field (see below). 


x PJul. Trans. A, oxoiii. p. 89, 1899. 





412 


IONISATION IN GASES FROM FLAMES 


[125-1 


On the Variation of Conductivity with the strength of the 
Solution and the nature of the Salt. 

125*1. In experiments on these points the conductivity is 
determined from the potential difference observed between two 
probes inserted in the flame m the region of uniform temperature 
gradient, and from the current density through the flame. The 
use of probes may lead to errors which have been considered in 
detail by Zachmann 1 . Experiments by Andrade 2 and by Wilson 3 
agree that for the salts of a given metal the conductivity and 
luminosity of the flame are proportional. 

Wilson 3 has compared his experiments with the theory that 
the ionisation in the flame can be regarded as analogous to the 
dissociation of a diatomic molecule, the products of dissociation 
bemg an electron and a positively charged atom or molecule. We 
shall see later on that there is good reason to believe that the 
positive ion is a metal atom, at least in the case of the alkali metal 
salts, and we will treat the problem from this point of view, 
assuming that the salt is wholly dissociated chemically m the 
flame. Let the concentration of the solution sprayed be k, and 
let m = JcG be the number of gram atoms of metal per c.c. of the 
flame; G can be found from measurements of the cross-section of 
the flame, of its upward velocity, and of the amount of solution 
sprayed per sec. The flame molecules will also be ionised, though 
to a less extent Let p + , p~, p, p 0 + and p 0 be the partial pressures 
respectively due to the positive metallic ions, the electrons, the 
neutral metal atoms, the positive flame ions, and the neutral 
flame molecules. Then, assuming that the ionisation of the flame 
itself can be regarded as due to one constituent of pressure p 0 , 
we have K a = p 0 + p~/p 0 and K = p + p~/p, where K and K 0 are 
equilibrium constants for the ionisation of metallic atoms and of 
the ionised constituent of the flame respectively. If c is the 
conductivity (assumed to be due entirely to the electrons), 

c = ne\ = k 2 Nep~/Rd, 

1 Zachmann, Ann, der Phys lxxiv. p. 461, 1924. 

2 Andrade, Phil . Mag . xxiv, p. 15, 1912 

3 H. A. Wilson, Phil, Trans . A, eexvi. p 03, 1915. 
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where N is Avogadro’s number and R is the gas constant lor a 
gram molecule. Now 



p~ — p + + p 0 + . 

also 

p + p + = mRd — p + p~{K + p+. 

so 

p+ = IGR8J(1 + p~/E). 

Again 

Po + = PoKolp-- 

Hence 

[- kGRB .Mol 

p \\ + r iK + r- J- 

and 

{(p-) a — p 0 K 0 } (1 + p-JE) = kGRdp 


Let Cq , pr be the values of c, p~ for the flame without salt, i.e. when 
k — 0, then p 0 ~ — Vp^Ko and P~ = cVpqKq/co. Hence 
(c a — Co 2 ) (1 4- cVpoKJcaK) = c . cJcGRQjV P qE 0 


or 


kc . Cq _VpaK 0 

c* - Cb a J2G0 


cPqKq 

OoKRGd 


= b + acjco , 


where 6 and a are constants for any given temperature. Wilson 
finds good agreement with this equation for caesium chloride, 
taking 6 = 10~ 8 and a = 10~* k being measured in grams per 
litre. The proportion of atoms ionised can also be found. It is 

p + /(p + p + ) = 1/(1 + P~/E) = &/(* + ac / c o)- 
For very small concentrations of salt this gives about 90 per cent, 
ionised, for a solution of 8 grams per litre 3*5 per cent, were ionised 
under the conditions of these experiments. 

Wilson also examined the behaviour of H-bCl, NaCl, KaCOg 
and found good agreement with these also. The values of 6 were 
proportional to the weights conta inin g equal numbers of metal 
atoms (fi.g. for HgCOg , half the molecular weight), k being measured 
in grams per litre. He also found that solutions of different salts 
of the same metal having equal numbers of atoms per o.c. produced 
equal effects on the conductivity. This held for large concentra- 
tions as well as small, so the contrary result mentioned on p. 408 
must be due to a difference m the action of the salts on the electrodes 
ca using differen ces in the cathode fall of potential. This, together 
with the law of variation of 6, is strong evidence that the salts 
undergo a change preparatory to being ionised, so that the same 
system is ionised in each. case. 
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For large conductivities c 2 oc k. In this case the conductivity 
is wholly due to the salt, and the ratio c 2 /k gives a measure of the 
ease of ionisation of the metal, being proportional to K. The 
following table, taken from Wilson’s paper, shows the reciprocal 
of this quantity, namely the relative concentrations (caesium = 1) 
required to give equal conductivities, and the percentage ionised 
when the concentration is very small. 


Metal 

Atomic 

Weight 

Concentration 

Per cent, 
ionised 

Na 

23 

626-0 

1 6 

K 

39 

7 25 

58 

Rb 

85 

4 48 

69 

Cs 

133 

1-00 

91 


The flame was a Bunsen flame burning a mixture of gas and 
air, the temperature is not stated, but was probably about 2000° 
absolute. 

Barnes 1 has confirmed the formula in the case of caesium 
chloride, and Bennett 2 in the case of caesium and rubidium 
chlorides. Bryan 3 , however, found appreciable discrepancies and 
considered that a formula of the type k-* 35 = Ac + B fitted his 
results better. 


The following table, taken from Zac hm ann’s* paper, shows the 
value of the absolute conductivity, in some cases, of flames sprayed 
with sodium vapour. 


Nature ol flame 

Metal atoms 
per cm 3 

Specific conduc- 
tivity m mhos 

Temp 

abs 

Pure flame 

• 

0-5-0 8 x 10-° 


Illuminating gas flame (1/100 
normal solution) 

6 28 x 10 12 

10-15 x 10” 6 

2000° 

Illuminating gas flame (100/100 
normal solution) 

6-28 x 10 14 

100-140 x 10-e 

2000° 

Alcohol flame (100/100 normal 
solution) 

7-56 x 10 14 

200 x 10-® 

2050° 


1 Barnes, Phys Rev . xxn.i. p 178, 1924. 

2 Bennett, Phil Mag . in. p 127, 1927. 

3 Bryan, Phys. Rev xvm p. 275, 1921. 

4 Zacbmann, Ann. der Phys . Ixxlv. p. 461, 1924. 
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125*2. If two salts are introduced simultaneously, the con- 
ductivity produced will be less than the sum of the two actin g 
separately, for the electrons due to each will tend to diminish the 
dissociation of the other, just as the presence of a co mm on ion 
* suppresses ’ the ionisation of an electrolyte. Wilson shows that on 
the above theory, and if the conductivities are large, c 2 = Cj.® c 2 a , 
where and 0 % are the conductivities for the two salts separately. 
He finds this result confirmed by experiment, as also does Za chmann 
(loo. ait.). Bryan finds that his experiments agree with the formula 

C 2 3 = Cj 2 - 3 + Cg a ®. 

It must be remembered that the above theory depends on the 
salt being wholly transformed into whatever bodies are directly 
lomsed. It is possible that this transformation is not complete 
in some cases at the temperatures used. This may explain the 
different results found by Smithells, Dawson and Wilson for 
different salts of the same metal when the concentrations were 
large, but they are probably due to electrode effects. For solutions 
of salts of the alkaline earths Bryan 1 found e 2 — c 0 2 — Ah *, which 
he shows can be accounted for if it is supposed that in the flame 
these salts are transformed into the involatile oxides, which then 
form small solid particles and emit electrons. The same formula 
also holds for solutions of A1C1 3 and H 3 B0 3 , which however give 
only a slight increase of conductivity. 

125*3. In most of these experiments the velocity of the flame is 
measured by introducing puffs of salt-laden air at regular intervals 
and viewing these stroboscopically. The temperature is determined 
by comparing the light from the flame containing a little sodium 
with that from a black body. The latter is viewed through the flame 
in a spectroscope and its temperature adjusted till the D lines merge 
in brightness with the continuous spectrum. The temperature of 
the black body is then determined with an optical pyrometer. 

VamcUwn of the Conductivity with the Temperature 
of the Flame. 

125*4. The theory of conductivity in flames has recently been 
much strengthened by the apphcation of thermodynamics. Saha 3 

1 Bryan, Phys. Rev. xvnL p. 275, 1921. 

2 Saha, Proe. Roy Hoc A, xcox. p 135, 1921, and other papers. 
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has applied Nernst’s equation of the ‘reaction isobar’ to ionisation 
by heat. If K is the equilibrium constant as defined above, the 


equation is 

logio % = 


U 

4 * 571 9 


+ UnCj, 


logio 9 

R 


+ UnC. 


Here U is the heat of reaction per gram molecule, 6 the absolute 
temperature, R the gas constant for a gram molecule and the 
summations refer to the molecules taking part in the chemical 
equation, those appearing on opposite sides of the equation having 
opposite signs Finally the quantities C are the so-called * chemical 
constants’ of the different molecular species. In this case the 
equation is M ^ M + + e — U, where M represents a neutral 
metal atom and M+ the same singly ionised, K = p + p~/p, the 
pressures being measured in atmospheres. The specific heats and 
chemical constants of M and M+ cancel out. Those for the 
electrons are calculated by regardmg the swarm of free electrons 
as a monatomic gas. Thus c„ = 5/2 R, and Saha uses for G 
the Sackur-Tetrode-Stern relation C = — 1*6 + f log M', where 
M' is the molecular weight, m this case 5*5 x 10 -4 . Hence 
C — — 6*5. It is convenient to express U in terms of the ionisation 
potential V measured in volts, and the equation becomes 

log w K = - + 2*5 log m Q - 6*5. 


gaha originally used this equation to calculate the ionisation in 
the sun and stars, and his work and that of Russell, R. H. Fowler 
and Milne have been very effective in throwing light on many 
points in solar and stellar physics. 

Under laboratory conditions the number of substances which 
show this effect is limit ed to those for which the energy of ionisation 
is not a large multiple of the mean energy of a molecule at the 
available temperatures; in fact the expression for the number of 

Ve 

ions will contain a factor e w, as in the corresponding case of 
emission from solids, Jc being Boltzmann’s constant, and this factor 
soon becomes negligibly small if Vejkd gets large. In addition, <f> 0 , 
the work done to remove an electron is less for most solids than the 
ionisation potential of most gases, so that if the gases are heated by 
contact with a solid the emission from the latter will swamp the 
ionisation m the gas. For this reason it is in flames that the theory 
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can best be tested, and of these, those containing salts of the alkah 
metals are best as the ionisation potentials of these metals are the 
smallest known The increasing effectiveness of the alkalis with 
increasing atomic weight is explained by the corresponding decrease 
in ionisation potential. Thus V for Cs is 3 9 volts, for Rb 4*1. 
K 4*3, Na 5*1, and Li 5*4. Those of Ba (5*2), Sr (5*7) and Ca (6*1) 
are also fairly low, and these elements have a considerable effect 
on the conductivity of a flame. 

Noyes and Wilson 1 were able to show that the values of K 
found from experiments on conductivity were closely parallel to 
those calculated from Saha’s equation. Experiments directly to 
test Saha’s formula have been made by Barnes* and by Bennett3 
Barnes finds very good agreement between values of 8 , calculated 
by determining K by experiments on the conductivity and n«ing 
Saha’s equation, and those observed directly. In several cases 
the error was less than 25°. He used a solution of CsCl sprayed 
into the flame, and determined the constants a and b in the equation 

Jcccq , ac 

+ «T* 

The value of K is then given by K = (b z /a) QR8 (see § 125*1). Ben- 
nett used a similar method with RbCl, except that he made 
experiments at several temperatures, while Barnes’ were all done 
at about 2000° abs. Bennett found good agreement at the higher 
temperatures but considerable differences below 1800° abs The 
method assumes complete dissociation of the salt into atoms, and 
it is possible that this is not the case at the lower temperatures. 
The success of the theory is however ample to prove that it is the 
metallic atoms which are being ionised. Bennett also tried to 
calculate V for the molecules of the flame from the variation of 
K 0 with temperature, using Saha’s equation. The result, 1*8 volts, 
is obviously wrong, as this would make the gases of the flame more 
easily ionisable than the metal atoms, which would therefore not in- 
crease its conductivity. A rough calculation, using his data and 
comparing the conductivity of the unsalted flame at 1720° abs. 
with that of one containing salt at the same temperature, gives 
V = 7*4 volts. As there are many kinds of molecules in the flame 

x Noyes and Wilson, Proc. Nat. Acad Set m p. 303, 1922. 

2 Loc. ett 3 Loo. 


TCI 


27 
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this will be a mean, but strongly weighted in favour of the lower 
values. The failure of the temperature variation method is 
probably due to the fact that the composition of the flame was 
altered in order to produce the required changes in temperature. 

125 * 5 . Langmuir and Kingdon 1 have shown that caesium 
vapour m contact with a heated filament becomes ionised in accord- 
ance with Saha’s theory. At 1200° abs. the results are in good 
agreement with the equation, at high temperatures the rate of 
production of positive ions is limited by the number of atoms 
striking the filament, practically all that do so being ionised At 
low temperatures a layer of adsorbed ions is formed on the filament 
which causes a great increase m the electronic emission. The 
caesium can regain electrons from the filament and so the emission 
of positive ions is decreased. Killian 2 has obtained similar results 
with potassium and rubidium, and uses the results at high tem- 
peratures to determine their vapour pressures. The positive ions 
can be detected by their effect in partially neutralising the space 
charge. 

Saha, Sur and Mazundar3 have recently made experiments to 
test the thermal ionisation of metallic vapours, taking great care 
to avoid the possibility of the conductivity observed being due to 
emission from the walls of the apparatus. Using temperatures up 
to 2000° O. they found a small effect with Mg, but with Na and EL 
the effect was so large as to require a miUiameter for its. measure- 
ment. The results are in general agreement with Saha’s theory 

Velocity of the Ions . 

126. The velocity of the ions in flames containing salt vapours 
has been determined by H. A. Wilson 4 , who used a method of 
which the principle is as follows. Suppose that m a flame we 
have two electrodes, one vertically over the other, and that we 
introduce a bead of salt just underneath the upper electrode, the 
vapour from this bead will be carried along by the upward rush 
of gases m the flame, and unless the ions in the salt vapour are 

1 Langmuir and Rmgdon, Proc. Roy Sob. A, cvu. p 61, 1925 

2 Killian, Phya. Rev xrro. p. 678 

3 Saha, Sur and Mazundar, Zeits. f Phya. xl, p. 648. 

4 H. A. Wilson, Phi. Trans. A, cxcu. p. 499, 1899. 
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driven downwards by tbe electnc field between the electrodes, 
none of them will reach the lower electrode. Ii however the ions 
from the salt do not reach the electrode the current between the 
electrodes will be unaffected by the presence of the salt. Thus 
when the potential difference between the electrodes is small the 
current will not be mcreased by the introduction of the salt, but 
as soon as the electnc force between the electrodes is sufficient to 
drive one of the ions against the blast in the flame, the current 
will be increased by the bead of salt. This is illustrated by the 
curves in Fig 108 taken from Wilson’s paper; we see that when 



Fig 108 


the upper electrode was positive the current was not increased by 
the bead until the potential difference between the electrodes was 
about 100 volts, while for greater differences of potential the bead 
produced a substantial increase m the current. Thus when there 
was a difference of 100 volts between the electrodes, the smallest 
electric force in the space traversed by the ion must be just 
sufficient to give to the positive ion a downward velocity equal 
to the upward velocity of the gas m the flame. Smce the electric 
field is not uniform between the electrodes (see p. 404), it is 
necessary to measure the distribution of potential between the 
electrodes in order to determine the minimum electric force; when 
this and the upward velocity of the gas in the flame are known 
we can determine the velocity of the ions m a flame under a given 
electric force. By this and similar methods Wilson deduced the 
following values for the velocities of the ions under an electnc 
force of a volt per centimetre. 


*7-a 
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In a flame whose temperature was estimated to be about 
2000° C., the Telocity of the negative ion, whatever salts were put 
in the flame, was about 1000 cm /sec. 

The velocities of the positive ions of salts of Caesium, Rubidium, 
Potassium, Sodium, and Lithium were all equal, and were about 
62 cm./sec. 

In a stream of hot air whose temperature was es tima ted at 
1000° C. the following results were obtamed for the velocities 
under a potential gradient of 1 volt per cm. 

Negative ions 26 cm./sec. 

Positive ions of salts of Li, Na, K, Rb, and Cs 7-2 cm /sec. 

Positive ions of salts of Ba, Sr, and Ca ... 3-8 cm./sec. 

The absolute numbers must be regarded as only approximately 
true, the relative values are probably much more accurate. 

The velocities are very much less at 1000° C. than they are 
at 2000° C., but we notice that while the negative ion at the 
lower temperature moves at only 1/40 of its pace at the higher, the 
velocity of the positive ion is by the same fall in temperature only 
reduced to about 1/8-5 of its value. 

These determinations of the velocity throw some light on the 
character of the ions; for suppose e is the charge of electricity on 
the ion, X the electric force actmg upon it, the mechanical force 
acting on the ion is equal to Xe; if A is the mean free path of 
the ion, v its velocity of translation, then the time between two 
collisions is A/©, and m this time the force acting upon it will give 
it a velocity in the direction of the force equal to XeX/vm, where 
m is the mass of the ion; the average velocity parallel to X due 
to the electric force will therefore be Xe\j2vm, and this will be 
the velocity with which the ion will, under the electric force, move 
through the gas. The equal velocity of all negative ions from 
whatever source they may be derived might at first sight seem to 
indicate that, as Arrhenius supposed, all the salts were converted 
to hydroxides in the flame, and that the negative ion was in 
every case the radicle OH '■ let us calculate what on this supposition 
would be the velocity of the negative ion at a temperature of 
2000 0. We do not know the free path of OH through a mixture 
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of coal gas and air, but as the free path of the molecule H, through 
hydrogen at 0° C. and at atmospheric pressure is 1-8 x 10~ 3 cm , 
and the free path of O a through oxygen under the same circum- 
stances is 1*06 x 10 — 5 cm., we may as a rough approximation take 
for the mean free path of OH through the mix ture the value 
14 x 10-® cm. at 0° C. ; at 2000° 0. A the mean free path would 
be this value multiplied by 2273/27$, i.e. 1-2 x 10~*. To get 
the value of v we remember that mv a is the anmp for all gases 
at the same temperature, while at different temperatures it is 
proportional to the absolute temperature. For 0 2 at 0° C. 
v — 4-25 x 10* cm./sec., hence for OH at 0° C. v = 5-6 x 10* cm. 'sec., 
and for OH at 2000° C. v = 1*6 x 10 B : ejm for OH is equal to 
1-1 x 10 s , hence substituting these values in the expression 
XeX/2vm and putting X = 10 s we find for the velocity under the 
potential gradient of one volt per cm. 37 cm./sec. : the actual 
velocity is as we have seen 1000 cm./sec. : hence we conclude that 
the radicle OH cannot be the carrier of the negative charges. 
The great velocity of the negative ions at these high temperatures 
points to the conclusion that the negative ions start as electrons 
and gradually get loaded by molecules condensing round them; 
at temperatures as high as 2000° the time they exist as free 
electrons is an appreciable fraction of their life; while they are free 
electrons they have an exceedingly large velocity, so that though 
this is enormously reduced when they become the nucleus of a 
cluster, their average velocity is very considerable. At low tem- 
peratures condensation takes place much sooner, so that the 
average velocity is lower. 

The fact that under an electric field the velocities of the 
positive ions of all the salts of the univalent metals are the same, 
shows that these too become the nucleus of a group whose size 
only depends upon the charge on the positive ion, since the 
velocities of the positive ions for the divalent metals while equal 
among themselves are less than those of the monovalent metals, 
we conclude that the divalent ions become the centres of clusters 
more complex than those which collect round the monovalent 
ions 

Marx and Moreau also made measurements of the mobilities 
and found values of the same order as those found by Wilson. 
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126*1. The above gave the state of knowledge on this subject 
at the time of the second edition of this book. While these older 
determinations of mobilities were enough to show that the negative 
ions are electrons, and the positive atoms, most of the methods 
used involved serious assumptions. 

Andrade 1 has made a number of measurements of the mobility 
of the positive ions, using two methods. One, due to Lenard, 
consists in measuring the angle of deflection of a streak of salt 
in the flame, caused by a transverse electric field. If the electric 
force was X and the upward velocity of the flame U, then the 
tangent of the angle of deflection was assumed to be Xk-JU. 
The values obtained were very low, *04 to -166 for Sr at one 
atmosphere in cm./see. per volt/cm. While these may perhaps 
be explained by supposing that in the highly conducting streak 
with its many electrons the positive ions only remain charged 
for a small fraction of the time, it seems doubtful if the movement 
of the streak can be regarded as simply due to the mobility of the 
ions it contains. When a current of density i passes normally 
across a surface separating two gases containing different numbers 
of ions, the electric forces X, X' in the two gases are given by 

i/e = n (2a + Jc*) X = n' (*/ + k 2 ') X', 

where n, n' are the number of ions of either kind in the two gases. 
Thus AT is in general not equal to X', and there will be an electrified 
layer formed on the surface of separation of density (X — X')/4n t. 
This layer will be pulled by the electric field and will, take the 
medium with it. It is probably this that accounts for the dividing 
of the streak into two which Andrade observed at high pressures. 

Andrade’s second method was to measure the current to a 
narrow strip m the plane of the negative electrode; both electrodes 
were outside the flame. The ions from the salt streak are moved 
sideways by the electric field, and upwards by the flame, and the 
height above the bead of salt at which the strip had to be placed 
in order to receive ions of the salt, gives a measure of the distance 
which the flame has carried the ions up in the course of their path 
to the electrode. If the upward velocity of the flam e is known, 
this gives the time of passage and hence the velocity due to the 

i Andrade, PM. Mag. xxni. p. 865, 1912 
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electric field. For positive ions from SrCla, Andrade found by 
fh is method mobilities of 2-5 to 1-8 

H. A. Wilson 1 has since revised his work on the mobilities of 
the positive ions, and has come to the conclusion that his previous 
values were too high, and were probably due to particles of salt 
being carried back into the flame lower down by currents of air. 
To prevent this he fitted a cylindrical shield round the lower part 
of the flame (Fig. 109), and found that it required 
a much greater potential difference than before 
to make the presence of the bead of salt in the 
upper part of the flame appreciably affect the 
current between the electrodes. With this 
arrangement Wilson found mobilities of about 
1 cm./sec. per volt/cm., but says that there may 
have been a few ions with velocities about equal 
to those of Andrade. As m the earlier experi- 
ments there was no appreciable difference in the 
mobilities of ions from different metals He also 
tried Andrade’s first method, with the modifica- 
tion that his field was vertical, and he used puffs 
of vaporised salt solution whose velocity was 
found stroboscopically. He could detect no 
change of velocity when a strong field was thrown 
on and off. It seems probable that the ions which 
are drawn away from the salted part of the flame 
in this method, are not numerous enough to give 
any appreciable colour, except when, as sometimes happened, the 
field was strong enough for an arc to form. Both these methods 
may be expected to give, not the true mobility of the ion, but the 
mobility multiplied by the fraction of the time during which a 
particular atom is an ion. As this fraction will be different for 
different atoms, it can easily be seen that the methods are not 
likely to lead to any very sharp determination even of the apparent 
mobility. 

Wilson’s original determination of the mobility of the negative 
ion, by the same method as that used for the positive, was very 
rough, as when the upper electrode is negative the current is 
I H. A. Wilson, Phil. Turns. A. ocxvi p. 63, 1915. 
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greatly increased by the reduction in the cathode fall of potential 
irrespective of any motion of the negative ions. Now that the 
number of ions per c.c. in the region of uniform electric gradient 
can be regarded as known, the conductivity here, which is equal 
to nek % , can be used to find 

Measurements on these lines have been made by Barnes and 
Bennett ( loc . cit.) Barnes finds values between 20,000 and 8000, 
the latter value bemg the more reliable. Bennett gets smaller 
values, from 2700 at 1920° abs. (about the temperature used by 
Barnes) down to 1800 at 1570° abs. Two other methods of 
measuring the mobility of the negative ions depend on the results 
of the next two paragraphs. 

Electrical Conductivity for rapidly alternating Currents. 

126*2. Wilson and Gold 1 have investigated the electrical pro- 
perties of flames for rapidly alternating currents. The method 
was to form a Wheatstone’s bridge of three condensers, and a 
flame between concentric cylindrical electrodes. This system was 

- Cross hatched area 
contains ions cf&ot/i 
signs. Single natcAed 
area electrons at one 
extremity of their movement 

Fig. 110. 

then excited by high frequency current from a Tesla coil. A gal- 
vanometer and electrolytic rectifier were co nn ected across the 
bridge By adjusting the capacities of the condensers it was found 
possible to get an almost perfect balance of the bridge for all 
frequencies, showing that the flame behaved as a fourth condenser 

i H. A. Wilson and Gold, Phil Mag xi p. 484, 1906 
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whose capacity could thus be determined. The action of the 
flame may be regarded as follows. Owing to the much greater 
mobility of the electrons than the positive ions, the latter will 
hardly move in the alternating field, while the former will oscillate 
with an amplitude d. If 4d is less than the distance D between 
the electrodes there will be a region of width D — 4d, where the 
flame is permanently neutral, while a swarm of electrons of width 
D — 2d will oscillate backwards and forwards. Any electron 
formed outside this latter region will speedily be removed to an 
electrode. When the electrons are symmetrically placed there is 
no force tending to move them, but when they are nearer one 
electrode than the other, the positive ions left free tend to p ull 
them back. This is analogous to the opposing potential difference 
set up by charging an ordinary condenser. 

On the assumption that the mass of the electrons and the 
resistance to their motion through the flame can both be neglected, 
Wilson fi nds that the increased capacity C due to the flame is 


Q~y~ per unit area, where p is the density of charge of the positive 

ions, and V Q is the amplitude of the varying external electromotive 
force. In fact, if tj and are the widths of the regions next the 
plates free from electrons at any instant, the potential difference 


V — 2 rrp (V — «a 2 ) = 4v/> fa — t z ) d, 
since tj_ + t z = 2d. Hence 


^ — 8irp. ^.d*=8ir. t.d, 

dV 

where i is the current per unit area. But G = t, and therefore 
C = . The value of d is given by F 0 = & rp.dK which leads 


at once to Wilson’s result. In agreement with this theory the 
capacity is found to vary inversely as the square root of the 
potential difference applied to the electrodes. It is also found to 
be approximately proportional to the square root of the con- 
ductivities of the flames for steady currents and low voltages. 
As the latter are probably approximately proportional to the 
number of ions per c.c., the variation of the capacity with p is in 
agreement with the theory. 
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The capacities can be used to determine p and the results are 
in reasonable agreement, in the case of salted flames, with what 
might be expected from the density of the salt Gold 1 has used 
this method to find p for a salt-free flame, and hence, by measure- 
ment of the potential gradient in the uniform region, to find the 
mobility of the electrons. He found k% = 5300 cm./sec. per volt/cm. 

The method has been brought up to date by Bryan and 
Wilson 2 3 , who measure the capacity of the flame by finding its effect 
on the frequency of a circuit containing inductance of which it 
forms part. The results fit the theory as well as can be expected 
in view of the assumptions involved. For salted flames they give 
values of which vary with the root mean square electric force 
used. As this varies from 9 to 64 volts/cm., \ varies from 20,000 
to 8000 approximately. This variation is in agreement with Loeb’s 
theory (see §§ 37*6 and 39-4) and indeed the values found fit Loeb’s 
curve for nitrogen at atmospheric pressure very well, though in 
view. of the great difference in temperature this must probably 
be regarded as a coincidence only. There is a marked tendency 
for k to decrease m the case of flames containing very large 
amounts of salt. This may be due to the electrons getting attached 
to neutral metal atoms during part of their existence. In these 
experiments p was of the order of 1 e.s.u. per c c. and the frequency 
usually 6 x 10 5 per sec. 

Transverse Electromotive Force produced by a Magnetic Field 
acting on a Flame carrying a Current. 

127. If an electric current is flowing through a flame parallel 
to the direction x, and a magnetic force at right angles to this 
direction, say parallel to the direction y, is applied to the flame, 
a transverse electromotive force is produced which is at right 
angles to both x and y. This electromotive force has been detected 
and measured by Marx3. The general explanation of this effect, 
which is analogous to the ‘Hall’ effect m metals, is easy; the 
calculation of its magnitude, except in a few special cases, is 
however beset by difficulties. 

1 Gold, Proc . Roy. jSoc A, Ixxix. p. 43, 1907. 

2 Bryan, Phys Rev. xxni. p 1S9, and Bryan and Wilson, next paper. 

3 Marx, Ann. der Phys. li p 798, 1900. 
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As there is a current parallel to x flowing through the flame, 
the average direction of the positive ions will he along, say, the 
positive direction of x, that of the negative ions in the opposite 
direction. Let V be the average velocity of the positive ions, 
V' that of the negative, if these are moving in a magnetic field 
where the magnetic force H is parallel to y, they will be subject 
to mechanical forces tending to move them in the same direction, 
this direction being parallel to z, at right angles to both x and y. 
The magnitudes of the mechanical forces acting on the positive 
and negative ions are respectively HeV and HeV' } where e is the 
charge on an ion. The displacement of the ions under these 
forces will (if V is not equal to V') produce a current of electricity 
through the flame parallel to z; if however the ions cannot escape 
in this direction the current will soon stop, as the accumulation 
of ions will produce a back pressure and an electrostatic field 
which will balance the effect of the mechanical forces arising from 
the magnetic field. 

We shall now proceed to deduce the equations which give the 
disturbance produced by the magnetic field; these equations are 
not limited to the case of flames, but apply to all cases of the 
conduction of electricity through a gas containing ions. 

Let the direction of the primary current, i.e. the current before 
the magnetic field is applied, be taken as the axis of x , let the 
magnetic force act downwards at right angles to the plane of 
the paper: then the force on the ions will be in the plane of the 
paper and at right angles to the axis of x; we shall take the axis 
of z in this direction. 

Let H be the intensity of the magnetic force, 

7T } Z the components of the electric foroe parallel to the 
axes of x and z respectively, 

m, v the velocities of the positive and negative ions under 
unit electric foroe, 

Pi> P% the pressures at any point due to the positive and 
negative ions respectively, 

on, n the numbers of positive and negative ions per cubic 
centimetre at any point. 

We shall assume that these ions behave like a perfect gas, so 



428 IONISATION IN GASES FROM FLAMES [127 

that px — Rm, p % = Rn, where R is a constant proportional to the 
absolute temperature. 

Let us consider first the positive ions, their velocity parallel 
to the avia of ® is Xu, hence the mechanical force on an ion 
parallel to z due to the magnetic field is euXH-, the force on the 
ion due to the electric field is Ze, and the force on the ions in unit 
volume due to the variation in the pressure at different points in 
the field is — dpxjdz, hence the total force parallel to z on the 
positive ions in unit volume is equal to 

- + me ( uXH + Z ), 

and the number crossing in unit time one square centimetre of 
surface at right angles to z is equal to 

+ z>} : 

similarly the flux: parallel to x is equal to 

if we neglect terms depending upon H 2 the term uZE may be 
omitted, and the flux parallel to a is then 

5{-fc + ~ *}• 

Similarly the flux of the negative ions parallel to z is equal to 
and the flux parallel to x to 



Let q be the number of ions produced in one cubic cen tim etre 
of the gas in one second, anm the number of ions which recombine 
in one second in unit volume ; then by the equation of continuity 
we have, when things are in a steady state, 
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we have also, using electromagnetic units, 
dX dZ . , 

+ *-*«(»*-«) r 2 > 


where V is the velocity of light. 


and 


dX_dZ 
dz dx 


Since p x = Rm, p z = Rn, we have as many equations as there 
are variables, p x , p 2 , m, n, X, Z. The solution will however depend 
very greatly upon the boundary conditions, thus one solution 
is Z — 0, p x and p 2 constant, and X mdependent of z and th e 
same as when the magnetic force is zero . this, however, involves a 
transverse flux of positive ions equal to 'mu*XH and of negative 
ions equal to nv z XS, and is not consistent with a steady state 
unless there is some means for this transverse stream to escape. 
If there is no way of escape for the transverse streams of ions 
the flux of the ions parallel to z must vanish at the boundaries of 
the gas. Let us suppose that it vanishes throughout the gas, then 


we have 

- J'+me {uXH + Z) = 0 (I), 

~^Sz +ne ( vXH “ Z ) = 0 ( 2 ). 


Putting jh. = R>n, p% = Rn and (m — n) e = p we get from (I) 
and (2) 


Rdp 
e dz 

and since 

(3) becomes 

R (d*Z 
4areV* \dx* + 


= eXH (mu — nv ) + Ze (m -f- n) (3); 

. dp _ 1_ (&Z d*Z \ 
dz~ V*\dx* + dz*)’ 


d*Z \ 

dz*) 


= eXH (mu — nv) + Ze (m + n) ... (4), 


an equation to find Z. In the terms on the right-hand side, we 
may put for X, m, n the values when H = 0, if we are content to 
neglect terms in H*. 

Since V* = 9 x 10 20 , e = 1*59 x 10 -20 (in electromagnetic units), 
R — 3*7 x 10 -14 , for a gas at 0° C., we see that (4) may be written 

2 x 10- = eXH(mu-m>)+Ze(m+n). 
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If the sum of the partial pressures due to the positive and 
negative ions were 1 atmosphere, e (m 4- n) would be about ’4, hence 
we see that if the pressure of the ions is large compared with 
10~ 13 atmospheres and if Z does not vary exceedingly rapidly 
with x, a very approximate solution of (4) will be 


Z = 


XE (n v — mu ) 
m + n 


This may be written 

Z 


3 ( % n i x ) 
e ( m + n) ’ 


(5). 


where i n and i v are respectively the currents carried by the negative 
and positive ions. 

At a place where there is no free electricity m = n\ in this 
case (5) becomes 

Z - %XE (« - u). 

This is the formula usually employed, but we see from the 
preceding work that it is only applicable in a very special case. 

No account has been taken in the above calculation of the 
velocity of the gases in the flame. This can be allowed for as 
follows. Let the quantities X, Z, H be supposed measured with 
reference to the moving flame gases, then the above theory will 
hold, but the electric an d magnetic fields with respect to the 
observer will be X', Y', Z', E x , E v ', E z . To a first approxima- 
tion, if the components of the flame velocity are U x , U v , U z , we 
have 


X' - X + EU Z , 

V*E X = U y Z, 

Y' = Y = 0, 

Y 2 Hy = V*E - U X Z + U Z X, 

Z' — Z — EU X , 

V 2 E Z ' = - U V X. 


The velocity of the flame is of the order 300 cm./sec., V s = 9 x 10 a0 , 
3 is of the order 10 2 and X of the order 10 9 , Z being usually smaller. 

The equations reduce to X' = X, Y' = 0, Z’ — Z — 3U X , 
EJ = E, E x and E z negligible. Thus the effect of the motion 
of the flame is to make the observed cross force less than that 
calculated above by EU X . This is usually a small correction 
unless X is small. If the main current is horizontal U x — 0 and the 
original expression for Z holds good. 
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When, solutions of KC1 of various strengths were sprayed into 
a flame Marx 1 found values of ZjXH varying from 10*18 a 10 -8 
for the pure flame to 3*7 x 10 -6 when a saturated solution of 
KOI was sprayed into it, the sign of the result showing that the 
velocity of the negative ion is greater than that of the positive. 
If we apply the preceding formula we find, on the supposition 
that the measurements were made in a part of the flame where 
there was no free electricity, that the difference between the 
velocities of the negative and positive ions under an electric force 
of one volt per centimetre, i.e. 10 s units, would vary from 
2036 cm./sec. for the pure flame to 740cm./see. for the flame 
containing the concentrated solution; the value 940 found by 
H. A. Wilson by direct experiment is between these limits. 

Wilson has pointed out that Marx’s result is likely to be too 
low, as the ions could escape round the edges of the flame to the 
main electrodes. 

If the electric and magnetic forces are considerable there will, 
when there is no escape for the transverse flow of ions, be very 
considerable variations m the number of ions in the gas; for put- 
ting p x = Rm, p 2 = we get from equations (1) and (2), 

df 

R log mn = eXH (u -f- v), 
or win = Ce e ^ 

where C is a constant. To see what variation this implies let 
us take the case of air ionised by X-rays, the pressure being 
1/1000 of an atmosphere; then since u-\- v at atmospheric pressure 
is 3 x 10 -8 cm./sec., at the assumed pressure it will be 3 x 10 -6 , 
and if X is 10 volts a centimetre, i.e. 10®, and H = 10 2 , then 
since eJR = 4 x 10 -7 , we see that 

mn = Ce 1 ' 2 *; 

thus m the space of a centimetre parallel to z, mn will about triple 
in value: this variation in the number of ions will affect the 
distribution of the current parallel to x, the current will be 
greatest where there are most ions and will therefore no longer 
be independent of z. this variation in the current may afEect the 
distribution of potential between the electrodes and thus introduce 
fresh sources of disturbance into the problem. 

z Marx, Ann. der Pkys. 11 p. 798, 1900. 
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In the case when there are only ions of one sign present, say 
the negative, there is a very simple solution of the preceding equa- 
tions, for we see that Z = HXv, p 2 constant and X the same as 
when there is no magnetic force, satisfies these equations. 


127*1. Some later measurements of k 2 have been attempted by 
method. Wilson 1 found a value of about 10,000, and later one 
of 2450. Watt 2 has made a recent determination usmg a method 
aimila.r to that used by Wilson in the latter experiment. The 
ynain c urr ent passed horizontally along the flame which was of 
considerable length, and burnt between the poles (10 cm. square) 
of a large electromagnet with field horizontal. To measure the 
TTall effect two probes were placed in the flame at a constant 
distance apart, so that the line join i ng them could be rotated about 
a horizontal axis, parallel to the magnetic field. The probes were 
connected to the quadrants of a quadrant electrometer, and 
turned until there was no difference of potential between them 
when the magnetic field was off. When the field was on, the angle d 
through which they had to be turned, to again have the same 
potential, was taken as a measure of the effect, and the mobility 

’frj fl.n 0 

calculated from the formula — — gr- . The results varied with 

the electric force at the point. For unsalted flames k 2 varied 
from 2660 for 5 volts/cm. to 1570 for 51 volts/cm., for salted flames 
it varied from 2640 for *76 volts/cm. to 1580 for 32 volts/cm. For 
equal fields the mobility was slightly higher for unsalted flames. 
It will be noticed that, writing tan d = Z/H, the theory developed 

2 f. fl.n 0 

above would give Je^ = — rj — • The difference appears to be due 


to the neglect of the terms *-f—, in the expression for the force 


on the ions. If this correction is made the results come rather 
nearer to those obtained by the other methods, but they are still 
lower than the average. It is assumed that the top and bottom 
of the flame are insulated; with so many ions about it seems very 
doubtful if this would be strictly true. 


1 H. A. ‘Wilson, Electrical Properties of Flames, p. 115. 

2 Watt, Phys . Rev. xxv. p. 69, 1925. 
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127*2. Wilson has made some measurements on the increased 
resistance of a flame due to a transverse magnetic field. He found 
that it varied in a parabolio manner with H, there being ascertain 
unsymmetry probably due to the effect of the magnetic field on 
the upward motion of the flame. Watt also found an increase 
of resistance of the order of 2 per cent. He found that the 
appearance of the flame was greatly modified by the field of 
5000 gauss which he used. With one direction of the field the 
upward motion of the flame was almost stopped, while with the 
other it was unchanged or increased. The large forces between 
the ions and flame gases, of which this behaviour is a sign, must 
considerably modify the theory, and introduce serious difficulties 
of a hydrodynamical nature into an already complicated problem. 
Heaps 1 has taken account of the effect of the changed motion of 
the flame gases due to the forces on the ions, and finds an expression 
for the change in resistance, and believes that Wilson's observations 
can be accounted for in this way. 

It will be seen from the above account that the value of Jc% 
for the ions in a flame is still very uncertain, though it seems prob- 
able that the results which give 20,000 cm./sec. per volt/cm. for 
small values of the field, and about 8000 for stronger fields, are the 
most reliable. The absolute temperature of the flames was about 
2000° C. 

Maximum Current that can he earned by the Vapour of a Salt. 

128. H. A. Wilson 2 has made an exceedingly important set 
of experiments on the maximum current that can be carried by 
a given amount of salt vapour; in these experiments the solution 
containing the salt vapour was not sprayed into a flame, but into 
air heated by passing through a long platinum tube raised to 
bright yellow heat by a furnace; a smaller central tube was 
placed along the axis of the outer tube and the current between 
the inner and outer tubes measured. When solutions of the 
strength l/10th normal were sprayed and the temperature of the 
tubes raised and the potential difference increased, a stage was 
reached when neither an increase in the temperature nor in the 

X Heaps, Phys. Rev. xxiv. p. 652, 1924. 

2 H. A. Wilson, Ph tl. Mag. -n. 4, p. 207, 1902. 

TCE 28 
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potential difference produced any increase m the current. Wilson 
measured this limit ing current and found that it was equal to the 
current which when passing through an aqueous solution of the 
salt would electrolyse in one second the same quantity of salt as 
was sprayed in that time into the hot air; thus if the salt had 
been supplied to water at the same rate as it was supplied to 
the hot air, the maximum current that could be sent through 
the aqueous solution would be the same as that which could be 
sent through the air; this was proved for the following salts of 
the alkali metals: CsCl, CsC0 3 , Rbl, LRbCl, Rb 2 C0 3 , ELI, KBr, 
ELF, K 2 C0 3 , Nal, NaBr, NaCl, lSTa 2 0O 39 Lil, LiBr, LLiCl, Li 2 C0 3 . 



CHAPTER XI 

IONISATION BY LIGHT. PHOTO-ELECTRIC EFFECTS 


129. The discovery by Hertz 1 in 1887 that the incidence of 
ultra-violet light on a spark gap facilitated the passage of the 
spark, led immediately to a series of investigations by Hallwachs 2 , 
Hoor3, Righi* and StoletowS on the effect of light, and especially 
of ultra-violet light, on charged bodies. It was proved by these 
investigations that a newly cleaned surface of zmc, if charged with 
negative electricity, rapidly loses this charge however small it may 
be when ultra-violet light falls upon the surface, while if the 
surface is uncharged to begin with, it acquires a positive charge 
when exposed to the light, the negative electrification going out 
into the gas by which the metal is surrounded; this positive 
electrification can be much increased by directing a strong air- 
blast against the surface. If however the zinc surface is positively 
electrified it suffers no loss of charge when exposed to the light: 
this result has been questioned, hut a very careful examination 
of the phenomenon by Elster and Geitel 6 has shown that the 
loss observed under certain circumstances is due to the discharge 
by the light reflected from the zinc surface of negative electrifica- 
tion on neighbouring conductors induced by the positive charge, 
the negative electricity under the influence of the electric field 
moving up to the positively eleotrified surface. 

The ultra-violet light to produce these effects may be obtained 
from an arc lamp, or by burning magnesium, or by sparking with 
an induction coil between zinc or cadmium terminals, the light 
from which is very rich in ultra-violet rays. Sunlight is not rich 
in ultra-violet rays, as these have been absorbed by the atmosphere, 
and it does not produce nearly so large an effect as the arc-light. 

x Hertz, Wied. Ann. nn. p. 983, 1887. 

2 Hallwachs, Weed Ann xxxui. p. 301, 1888. 

3 Hoot, Jtepertorwm der Phystk, xxt. p 91, 1889. 

4 Righi, G JR. cm. p. 1349; ovil. p 859, 1888. 

5 Stoletow, C. JR ovi. pp. 1149, 1593; era. p. 91; cviu. p. 1241; Phyailahsehe 
Revue, Bd. l., 1892. 

6 Elster and Geitel, Wied. Ann. xsxvin. pp. 40, 497, 1889; xli. p. 161, 1890; 
xlil p. 564, 1891; tIh*. p. 225, 1892, lii. p. 433, 1894; It. p. 684, 1895. 
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Elster and GeiteJ, who have investigated with great success the 
effects produced by light on electrified bodies, have shown that 
the more electropositive metals lose negative charges even when 
exposed to ordinary daylight. They found that amalgams of 
sodium or potassium enclosed in a glass vessel lose a negative 
charge in the dayhght, though the glass would stop any small 
quantity of ultra-violet light that might be left in the light after 
its passage through the atmosphere. When sodium or potassium 
by themselves instead of their amalgams were used, or, what is 
more convenient for many purposes, the liquid alloy formed by 
mining these metals in the proportion of their combining weights, 
they fo und that the negative electricity was discharged by the light 
from a petroleum lamp; while with the still more electropositive 
metal rub idium the negative electricity could be discharged by 
the light from a glass rod just heated to redness. They found, 
however, that the eye was more sensitive to the radiation than 
the ru bid i um, for no discharge could be detected until after the 
radiation from the glass rod was visible. I have found however 
that electropositive metals like rubidium give off negative elec- 
tricity in the dark, especially if a trace of hydrogen is present. 

Elster and G-eitel arrange the metals in the following order 
with respect to their power of discharging negative electricity: 

Rubidium. 

Potassium. 

Alloy of Potassium and Sodium. 

Sodium. 

Lithium. 

Magnesium. 

Thallium. 

Zinc. 

For copper, platinum, lead, iron, cadmium, carbon, and mer- 
cury the effects with ordinary light are too small to be measurable. 
The order of the metals for this effect is the same as in Volta’s 
series for contact-electricity, the most electropositive metals giving 
the largest photo-electric effect. Many substances besides metals 
discharge negative electricity under the action of ultra-violet light* 
lists of these substances will be found in papers by G. C. Schmidt 1 
i G 0. Schmidt, Wted. Ann Ixiv. p 708, 1898. 
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and 0. Knoblauch 1 . Among the more active photo- electric so lids 
axe, fluor-spar, the various coloured varieties of which vary greatlv 
m the degree to which they possess this property, the sulphides 
of antimony, lead, arsenic, manganese, silver, and tm (the sulp hat es 
do not possess this property), hydroxide of tm, iodide of lead, 
many aniline dyes in the solid state. 

129.1. It is now believed that all substances would show the 
effect with light of sufficiently short wave length, and the above 
results merely indicate substances which show it for light m the 
visible or close ultra-violet. For a more recent account of the 
photo-electric effect in solids and liquids other than mAi-jilg see 
Hughes 9 Photo-electricity, chaps, vii and vm. 

Nature of the Ions produced, by the action of Ultra-violet Light 

on Metals . 

130. The experiments made by the author and Lenard (see 
§§ 67, 68) show that in high vacua metals when illuminated with 
ultra-violet light give out electrons, i.e. bodies whose mass is 
only about x*mr °f that of the hydrogen atom, when however 
the metal is surrounded by gas the electrons soon strike against 
the molecules, get attached to them and have to drag them along 
with them as they move under the action of the electric field. 
The velocity of the negative ions through different gases has been 
measured by Rutherford (see p. 102), who showed that the velocity 
of the ion did not depend upon the nature of the metal on which 
the light fell, but that it did depend on the nature of the gas 
through which the ion had to travel, and that the velocity through 
any gas of the negative ion produced by ultra-violet light was 
very approximately the same as that of the ion produced by 
X-rays through the same gas. 

The diminution of the photo-electric effect produced by a 
transverse magnetic field when the pressure of the gas is low, 
which was discovered by Elster and Geitel 2 , has already been 
discussed on p. 247. 

The photo-electric effect seems to disappear immediately the 
light is out off. Stoletow 3 , who made a series of experiments on 
z O. Knoblauch, Zeits. /. Phyatkafoache Chemie, xxix. p 527, 1899. 

2 Elster and Geitel, WiecL. Ann* xlL p. 166, 1890. 

3 Stoletow, A ktinoelektrische Unter&uchungen , Phyaikahache JRevue, i. p. 725, 1892. 
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this point, could not obtain any evidence that there was any finit e 
interval between the incidence of the light and the att ainment of 
the full photo-electric effect, or between the eclipse of the light 
and the total cessation of the effect, and he showed that the interval 
must at any rate be less than toW a second. 

130*1. Mars; and Lichtenecker 1 showed that if a sensitive 
potassium cell was illuminated by light from a revolving mirror, 
the photo-electric effect was independent of the speed of the mirror, 
even when the time of illumination was reduced to 10 -7 sec and 
the intensity of illumination was only -56 erg per sq. cm. per sec. 
The effect was proportional to the intensity of the light. 

Lawrence and Beam 2 have shown that the time lag, if any, is 
less than 3 x 10 -9 sec. both at starting and stopping the light. 

Energy of Emission of Photo-electrons. 

181. Lenard showed that an ill umin ated plate continued 
to emit electrons when maintained at a small positive potential, 
showing that the electrons were emitted with a definite energy. 
As the potential of the plate was increased the number of electrons 
gradually diminished, indicating that they were not all emitted 
with the same velocity. Part, at any rate, of this difference is 
due to the fact, shown by Ladenburg 3 , that the electrons come 
from a layer of finite thickness, thus those which come from the 
deeper parts of the layer will, when they emerge, have made more 
collisions with the molecules of the metal than those which come 
from the shallower parts, and so will have had then: velocities 
more reduced before they emerge from the metal. 

Lenard* also made the very important discovery that the 
maximum velocity of projection of the electrons is independent 
of the intensity of the incident light. The number emit ted is 
proportional to the intensity, but the velocity of each electron 
depends only on the nature of the emitting surface if the frequency 
of the light is kept the same. This is a result of the most funda- 
mental importance, as it shows that the energy gained by the 
electrons cannot be directly derived from the electric force which, 

1 Marx and Lichtenecker, Ann der Phys xli p. 124, 1913 

2 Lawrence and Beam, Phys. JRev . xxix p. 904, 1927. 

3 Ladenburg, Ann. der Phys. xu. p 558, 1903. 

4 Lenard, Ann . der Phys . viii p. 149, 1902. 
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on Maxwell’s theory, exists in the incident beam, of light. This 
result has been amply confirmed by a number of experimenters 
131*1. The maximum energy of emission can be determined 
by measuring the positive potential to which the plate will rise on 
illumination. If this is V, then Ve = £mv 2 , where v is the velocity 
of the fastest electrons. It was early shown that the maximum 
energy increased with the frequency of the light used, the material 
of the plate being kept the same. It was at first uncertain whether 
the energy or the velocity was a linear function of the frequency, 
the earlier experiments not being sufficiently accurate to dis- 
tinguish with certainty between these alternatives. 

Hughes 1 and Richardson and Compton* were however able 
to show that the former law was correct. Hughes was able to 
obtain much more consistent results than the earlier experiments 
by using surfaces formed by the distillation in vacuo of the sub- 
stance under investigation, which was made to condense on to 
the plate which was to be illuminated. In this way he was able 
to get rid of many of the difficulties due to surface films of gas 
and other impurities. The relation between the maximum energy 
and the frequency can be written in the form %mv % = Tsu — V a e, 
where F 0 is a potential characteristic of the substance. Einstein 
suggested that k was equal to h, Planck’s constant (6-55 x 10~ 27 ). 

The earlier results gave a value of k from 10 to 20 per cent, 
less than this, but by a very careful series of experiments Millikan^ 
was able to show that the agreement held to less than 1 per cent. 
The theory of the experiments is as follows. The illuminated 
surface is surrounded by a considerably larger conductor which 
we may call the ‘case,’ and the photo-electric current between the 
surface and the case is measured as a function of the accelerating 
or retarding potential, typical results being shown in Fig. 111. 
Account has to be taken of the fact that the actual potential 
difference between plate and case differs from the applied potential 
by the contact potential difference between the substances of 
which the plate and case are made. When this correction is made 
the curves take the form shown in the lower figure, showing that 

i Hughes, Trans. A, ccxii. p. 205, 1912. 

a Richardson and Compton, Phil. Mag xsav. p 577, 1912. 

3 Millikan, Phys. Re v. vii p. 3 55, 1916. 
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the energies of emission vary between zero and a maximum which 
varies with the frequency of the light. For any substance there 
will be a minimum frequency given by Tiv = V 0 e, below which 
no emission will take place. This is known as the tf photo-electric 
threshold. 9 If the maximum emission energies are plotted against 


Current 




the frequency of the light, the result is a straight line whose slope 
gives h and whose intercept on the frequency axis gives the 
threshold. Following Kadesch 1 , Millikan used oxidised copper 
as the material of the case, the threshold for this under the con- 
ditions of experiment was about A 2536 and the wave lengths 
used were all greater than this, so that no complication arose 
from electrons emitted by the case. Great care was taken to 
z Kadesch., Phys . Bev . ui. p 367, 1914 
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ensure that the light used was not contaminated by the presence 
of small quantities of light of higher frequency than that which 
the monochromator was supposed to be isolating. The substances 
used were Li, 2Sfa and K. The surfaces used were prepared 
freshly by cutting in vacuo. He obtained values of h of 6*569 x lO -37 
from experiments on sodium and 6*584 x 10 -27 from experiments 
on lithium. The final value was given as 6*56 x 10 -27 . Sabine 
made experiments on Zn, Od and Cu using very short wave lengths 
m a vacuum spectroscope and combining the results ob taine d 
with those of other observers for longer wave lengths. Though 
obviously not a very satisfactory method, this gave results in fair 
agreement with the theory. 

Robinson 1 found that, using thin films of platinum, the 
maximum velocity of emission was about 12 per cent, greater on 
the side from which the light emerged than on that on which it 
was incident. In view of the agreement with theory of Millikan’s 
experiments, which were made with electrons coming from the 
side on which the light was incident, this result seems rather 
improbable though confirmed by Stuhlman 2 , Piersol3 has recently 
found that there is no difference between incident and emergent 
velocities if sufficient precautions are taken against stray light. 
Herold* extends this to the complete distribution of velocities 
among the electrons Chien ChaS however finds a difference with 
films of spluttered platinum though not with films formed by 
evaporation. He attributes the effect in the former case to 
excluded gas. Piersol however worked with spluttered films. It 
is clear that there is no effect of fundamental importance. 

131*2. The curves of Fig. Ill can be used to determine the 
proportion of electrons emitted with a given energy. Certain 
pre cautions q,re however required. Whatever the shape of the 
illuminated plate and the case the current will cease when the 
work done by the electron in moving from plate to case is just 
greater thn.-n the maximum energy of emission, but if the paths of 
some of the electrons are at an angle to the electric field they 

x Robinson, Phil. Mag. sxv. p. 115, 1913. 

2 Stuhlman, Phys Rev. ra. p. 195, 1914. 

3 Piersol, Phya. Rev. xm p. 144, 1924. 

4 Harold, Ann. Her Phya. Ixxxv. p. 587, 1928. 

5 Chien. Cha, Phil. Mag xlix. p. 262, 1925. 
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■will be prevented from reaching the case by a smaller potential 
than -would be required to bring them completely to rest. In 
Richardson and Compton’s experiments the illuminated plate was 
small and was surrounded by a large spherical case, so that the 
held between the two was radial and in the direction of motion of 
the electrons In this case the ordinate of one of the curves in 
Fig. Ill measures the number of electrons emitted with an energy 
greater than the corresponding retarding potential, and the slope 
of the curve gives the number per unit range of energy at the 
energy considered. Richardson and Compton found that the 
slope plotted against the energy gave a symmetrical curve with 
a well-defined maximum. Ramsauer 1 has developed another 
method of obtaining the energy, or rather velocity, distribution 
curve. He deflects the electrons by means of a uniform magnetic 
field through a semicircle and measures the charge given to a 
Faraday cylinder. His results are similar to those of Richardson 
and Compton. This method has also been used by Klemperer 2 
and by Wolfs, and the former has pointed out some possible 
sources of error The latter finds that the energy corresponding 
to the maximum of the curve is a linear function of the frequency, 
the slope being not much different from h. He used the liquid 
Na-K alloy. Ramsauer also found straight lines for Zn, Au and 
brass but with a different slope. Kluge4 and BennewitzS have 
found that with changes in the gas content of the metal the maxi- 
mum and mean energies change together. Herold 6 found closely 
similar velocity distribution curves for a number of metals. The 
effect of changing the gas content was mostly a shift of threshold. 
It is still uncertain whether the variation in energy of the electrons 
can be wholly accounted for by energy losses during their passage 
through the material, or whether their initial energies differ. The 
former would seem more probable on theoretical grounds, but some 
experiments of Compton and Ross? on the escape of photo-electrons 

z Ramsauer, Ann. der Phys. xlv. pp 961 and 1121, 1914. 

z Klemperer, Zeits. f. Phys xvi p. 280, 1923. 

3 Wolf, Ann der Phys. Ixxxni. p. 1001, 1927. 

4 Kluge, Ann. der Phys. Ixxxn p. 432, 1927. 

5 Bennewitz, Ann. der Phys. IxBriu. p. 913, 1927. 

6 Herold, Ann. der Phys. Ixxxv. p 587, 1928. 

7 Compton and Ross, Phys. Rev. sail. p. 374, 1919. 
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from thin films suggest that they lose their energy completely 
at a single collision, if at all, in which case the experimental 
curves give the actual distribution of the energy as originally 
received by the electrons Herold has examined the velocity 
distribution for thin films of platinum. He finds no change with 
thickness down to 5‘S/j.jj., but a film of 1*9 /a/a showed a diminution 
in the relative number of very slow electrons. 

It should be noticed that the form of the curves when corrected 
for contact difference of potential shows that no further electrons 
are produced by an accelerating field. 

Millikan has shown that his results lead to interesting conclu- 
sions concerning the work required to extract the electrons from 
their normal positions. Suppose that for one metal V is the 
potential required to be applied between plate and case to stop 
all the electrons. Then 

(V -H j El) e = hv — V 0 e , 

where K is the contact potential difference between plate and case. 
Let dashes refer to the same experiment with a different plate but 
the same case and frequency of light. Then subtracting, we find 

(F' - F) + (S' Vft' - j - O, 

where v 0 , v 0 ' are the threshold frequencies. Now it is found that 
V' — V, provided the measurements are made * quickly one after 
the other so that the surface film of the case has no time to change. 
Hence 

K'-K=*^(v 0 - V)- 

But for metals at least, in which free electrons are present, 
e (K' — K) is the difference in the work done in removing the 
free electron from the metal to infinity. Hence the energy of the 
photo-electron when free in the metal but before escaping from the 
surface differs from hv only by a constant, if at all. This s ugg ests 
strongly that the photo-electrons from metals were originally 
free in the metal. If this is the case, hv Q is the work required to 
remove a free electron from the metal and should therefore be 
the same as the corresponding quantity determined from thermionic 
measurements. The annexed table shows the extent of the agree- 
ment. Unfortunately both quantities are uncertain, being so much 
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affected by minute surface changes, but the agreement is as good 
as can be expected for the metals, while for CuO it is reasonable 
to suppose that the photo-electrons are not originally free and 
that work has to be done to make them so. 


Metal 

Photo-electric threshold 

Ao r„ 

Thermionic volts 

Cs 

7500 (Cornelius) 

1-50 

1-38 (Dushman (quoted)) 

K 

7000 (Bichardson and 

1-60 

fl 12 (Bichardson and 


Young) 


\0*43 Young) 

Ca 

4000 (Hamer) 

2-80 

2*24 (Dushman (quoted)) 

Th 

3465 (Hamer) 

3-24 

2-94 (Dushman (quoted)) 

Mo 

2854 (Boy) 

4-33 

4*30 (Dushman) 

Ta 

3148 (Boy) 

3-93 

4*11 (Dushman) 

Pt 

2800 (Bichardson and 

4-40 

4*24 (Schlicter) 


Compton) 






( 4*48 (Davisson and 

W 

2734 (Boy) 

4-52 

\ Germer) 




(4 64 (Dushman) 

C 

2615 (Hamer) 

4-29 

3*92 (Langmuir) 

CuO 

(2500 (Millikan) 

(2570 (Barton) 

5-0 ) 
4-80f 

1*9 (Bichardson) 


131 * 3 . The photo-electric threshold of metals varies very 
greatly with the extent to which they are freed from gas by heating 
in vacuo . Thus Kluge and Bennewitz find variations of half a 
volt to a volt or even more in the maximum energy of photo- 
electrons from Pt and Pd according to treatment, the measurements 
in all cases being m vacuo. Du Bridge 1 finds 1958 ± 15 A. for 
the threshold of Pt after very thorough outgassing. Kazda 2 and 
Dunn3 find 2735 A. for the clean surface of running mercury. 

In view of the very variable results obtained by different 
observers for the photo-electric threshold of solids, and the extent 
to which it is influenced by minute surface changes, it seems 
doubtful if any of the results so far obtained accurately represent 
the value for a pure gas-free surface. Indeed several observers, 

1 Du Bridge, Phys. Rev xxix p. 461, 1927. 

2 Kazda, Phys, Rev. xxvi. p. 643, 1925. 

3 Dunn, Phys, Rev. xxix. p. 693, 1927. 
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especially in Germany, Have suggested that the whole effect is 
due to the presence of gas, and have shown that the current can 
in some cases be reduced to 1 per cent, by repeated distillation 
in vacuo. It seems probable, however, that this is merely an 
extreme case of a shift of the threshold due to surface layers. The 
experimental results are very contradictory (see Hughes’ Report 
on Photo-electricity, p. 102, also Hallwachs. Phys. Zeits. xxi. 
p. 561, 1920) Richardson 1 finds evidence that the surfaces of 
sodium and potassium behave as though they were covered with 
patches for which the work of extraction of the electrons is 
abnormally low, these patches usually covering only a small area 
of the surface but changing in size with the treatment of the 
surface (see § 109*1). 

131*4. As an indication of the values of the threshold wave 
length to be expected under ordinary conditions (surfaces sand- 
papered but not otherwise treated), the following values obtained 
by Hamer 2 are given. The measurements were made %n vacuo : 


Metal 

Ag 

A1 

Bi 

0 (graphite) 

Ca 

Cd 

Cu 

Pe 

A A. 

3300 

3500 

2980 

2615 

4000 

3130 

2665 

2870 

Metal 

Ni 

Pb 

Pt 

Se 

Sn 

Th 

W 

Zn 

A A. 

3050 

2980 

2780 

2670 

3180 

3460 

2615 

3420 


131*5. It should be pomted out that probably the bulk of the 
four or five volts required to remove an electron from a metal is 
accounted for by the attraction between the electron when just out- 
side the surface and its image in the conducting surface As pomted 
out in the second edition of this book, this involves an amount of 
e 2 

work . - , where r is a distance which measures the extent to which 
4r 

the actual surface differs from a mathematical conducting plane, 
and is thus of the order of the radius of an atom. If r = I0 -8 
the effect is represented by a p.d. of 3*6 volts. It is worthy of 
note in this connection that Hughes found that for elements of 
the same valency, V 0 decreased as the atomic volume increased. 

131*6. Richardson^ has developed a statistical theory of the 

1 Richardson and Young, Proc Roy . Soc. A, ovu. p. 377, 1925 

2 Hamer, Optical Soc . of Avner . J. and Rev . Set. Inst is:, p. 251, 1924 

3 Richardson, Phil Mag xxm. p. 594, 1912; xxiv. p. 574, 1912; xxni. p. 476, 
1914. 
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photo-electric effect based on the idea that, in a constant tempera- 
ture enclosure, the photo-electrons emitted by the action of the black 
body radiation in the enclosure would increase in numbers till the 
number returning to the substance by collision with it just balanced 
the number emitted by the radiation. This leads to the result 
that the electrons emitted by light of a given frequency v have a 
mean energy Tiv — w 0 , and that their number has a maximum at 
about v — |v 0 . The saturation photo-electric current should have a 

W 0 

value i = AT 2 e fcT, the same law of variation with temperature 
as the thermionic effect. W. Wilson 1 and Roy* have verified this 
for a number of metals when a surface is illuminated by light from 
a constant temperature enclosure. Richardson went on to consider 
whether the thermionic effect itself could be considered as the 
‘auto-photo-electric’ effect due to the radiation of the body acting 
photo-electrically on the body itself. It appears however that, while 
the law of temperature variation is the same, the magnitude would 
be only of the order 10 -7 of the observed thermionic effect. In 
this case it seems doubtful how far the theoretical basis of the 
preceding results is reliable, as the thermo-dynamical argument is 
only strictly applicable if the two effects are identical. 

Photo-electric Properties of Gases. 

131 * 7 . If light is able to cause the emission of electrons from 
the molecules of a gas, we shall clearly find an increase in con- 
ductivity, the residues of the molecules forming positive ions, and 
the electrons, either free or attached to neutral molecules, forming 
the negative ones. Early experiments on conductivity in gases 
caused by light gave rather contradictory results. It is now 
known that in most cases gases require light of shorter wave length 
to give a photo-electric effect than the majority of solids, and in 
consequence there is great danger of spurious effects due to electrons 
emitted by dust particles or by the walls of the apparatus. The 
former case is characterised by the fact that the positive ions have 
a very small mobility; thus Lenard, who illuminated air by the 
light from sparks between the al uminium terminals of an induction 
coil, found positive ions with a mobility of only *0015 cm./sec. 

x W. Wilson, Proc. Roy. Soo. A, xcm. p 369, 1917. 

2 Roy, Proc. Roy. Soc. A, exii. p. 699, 1926. 
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Bloch was able to show that these heavy ions were not formed in 
air filtered to remove dust particles. Lenard however obtained 
slight ionisation in filtered gases very close to the spark, the light 
from which passed through quartz. The best way of avoiding 
the difficulty of the effect of the walls is to use a stre am of gas 
which flows from the place of illumination to the io nising chamber. 
The presence of positive ions in this gas may then be talre-n as 
evidence of ionisation, if precautions have been taken to avoid 
dust. An additional difficulty is that of finding some substance 
transparent to very short wave lengths to act as a window through 
which to illuminate the gas. Even fluorite begins to absorb 
strongly m the region under consideration, and it has the addi- 
tional disadvantage that different specimens vary greatly in 
transparency. 

On theoretical grounds one would expect the nrnninrvnm fre- 
quency for ionisation to be connected with the ionisation potential, 
as found by Franck and Hertz’s method, or from spectral con- 
siderations, by the formula hv — Ve There is however the 
possibility that the molecule might be ionised in stages, the first 
stage being the removal of an electron from a normal to an abnormal 
orbit, and the next the completion of ionisation by the removal 
of the electron by a second quantum of suitable radiation or some 
other source of energy. Smce however the electron only remains 
for a short tune m the abnormal state, this would usually occur 
only with intense light. 

Ionisation of Air and Inorganic Gases . 

131 * 71 . The first experimenter to detect a strong ionisation in 
air was Hughes 1 who made use of the apparatus shown in Fig. 112. 
The source of light was a discharge in hydrogen at a pressure of 
about 1 mm. The filtered air streams up against the window F, 
and then passes into the chamber C, in which the conductivity is 
tested. The presence of positive ions was taken as the test of 
ionisation by the light. When F was a quartz plate, 3 mm. thick, 
no positive ions could be detected, though the apparatus was 
sensitive enough to detect a current of the order of 10~ ls amp. 
On substituting a certain plate of fluorite for the quartz a current 
z Hughes, JProc . Carrib . Phil. Soc . xv. p. 483, 1910. 
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was obtained from the positive ions of the order of 10 -11 . It 
was found that only one plate of fluorite gave this effect, the 
others tried being presumably less transparent. According to 
Lyman the transparency limit for quartz is A 1450. Hughes 
determined the transparency limits of some of his fluonte plates 
by measuring the maximum velocity of emission of electrons 



Fig. 112 

emitted from a suitable substance by light transmitted through 
them. He found they varied very much in transparency. One 
which transmitted down to A 1350 did not transmit the ionising 
radiation. Unfortunately the one plate which did allow ionisation 
was broken before its transparency could be measured. Hughes 
concludes that air is ionised by a wave length between A 1250 and 
A 1350. Hughes also used his apparatus to compare the mobility 
of the positive ions produced by light with those produced by 
X-rays. This could be done by measuring the ratio of the currents 
received by the two electrodes when the gas streamed past at a 
constant rate. He found that the mobilities for photo-electric 
and X-ray ions were the same. 

Palmer 1 also found ionisation in air, oxygen and nitrogen 
from light which had passed through fluorite. He found that 
passing the light through an absorbing layer of oxygen before 
entering the ionisation chamber reduced but did not entirely 
destroy the effect. H is maximum current was of the order of 
10 -11 amp. and he found nitrogen to give about four times the 
I Palmer, Phy$. Rev xxxh p. 1, 1911. 
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effect of oxygen. Hydrogen gave a very slight effect, possibly 
due to impurities. 

Lenard and Ramsauer 1 made a very careful investigation of the 
ionisation in a number of gases. The source of light was a very 
intense spark between aluminium ter mina ls and under favourable 
conditions very strong ionisation was obtained. They found that 
minute traces of impurities, both gaseous and solid, had an 
enormous effect. It was necessary to pass the air through liquid 
air to freeze out impurities, and to bake the glass tubing of the 
apparatus to get rid of occluded gases. They found that under 
these conditions air could be ionised by light that passed through 
a fluorite plate but not by the light transmitted by a quartz plate. 
Hydrogen from a cylinder gave an effect about equal to that in air. 

They found that carbon dioxide and ammonia could be ionised 
By light passing through quartz, thus confirming a result found 
by Thomson. Traces of ammonia and carbon dioxide in air were 
found to increase the ionisation for light through fluorite by factors 
of 44 and 14 respectively. 

Indiana 2 found that light transmitted through fluorite pro- 
duced no ionisation in chlorine, though it did m air. Henry and 
Whiddington found that the light from a carbon arc transmitted' 
through quartz produced no ionisation in iodine. 

Indiana and Wests, using light from an aluminium spark 
transmitted through fluorite, found ionisation in iodine vapour at 
room temperature, obtaining currents of the order 10 -12 amp. 
They found no ionisation in nitrogen, in contradiction to Palmer, 
but the absorption of 1 cm. of air was sufficient to destroy the 
effect in the iodine. It is not certain whether it is the molecules 
or atoms which are ionised, but the latter would normally be 
present only in very small numbers at this temperature. There 
is also the possibility of cumulative aotion as in Compton and 
Smyth’s experiments (p. 452). 

Mohler* has been able to show the photo-ionisation of argon 
and neon due to light emitted by the same gas under electron 

x Lenard and Ramsauer, Site. d, Heidelberg, Akad, d, Wtss., 1910—11, quoted 
by Hughes. 

2 Ludlam, Phil Mag , xxiiu p. 757, 1912. 

3 Ludlaxa and West, Proc, Boy, Soe . Bdin, xlv. p. 34, 1925. 

4 Mohler, Phys. Bet>, xxviii. p. 46, 1926; Proc . Nat Acad, Sci, xu. p. 494, 1926. 
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bombardment in another part of the vessel, so that the radiation 
did not have to pass through any solid substance. In this way 
he has discovered several critical potentials. The ionisation was 
detected by the efEect of the positive ions on the electron emission 
from a hot filament (see p. 451). Hydrogen gave no ionisation 
in s imil ar circumstances. 

Organic Vapours. 

131*8. Stark 1 found marked ionisation in various organic 
vapours for the light from a mercury arc transmitted through 
quartz. He used a somewhat different method of distinguishing 
between true ionisation of the gas and the leak from the electrodes. 
He varied the pressure of the vapour and considered that ionisation 
of the gas occurred when the current increased with the pressure. 
The voltages used were of course too small to produce ionisation by 
collision, never exceeding 4 volts per cm. He found ionisation in 
anthracene, diphenylmethane, a-naphthylamine and diphenyl- 
amine. All these vapours fluoresce, and Stark considered that the 
ionisation and fluorescence were connected and that the same 
electron took part in both effects. Serkof, working on the same 
lines, found that aniline could also be ionised under the above 
conditions. Hughes 2 tried carbon disulphide, zinc ethyl and tin 
tetrachloride, but found no trace of ionisation from the hght of 
a mercury lamp. The shortest wave length acting under these 
conditions is A 1849. 


Metallic Vapours. 

131*9. Steubing3 found that the light from a mercury lamp 
could ionise mercury vapour, but it seems somewhat doubtful if 
sufficient precautions were taken to distinguish between ionisation 
and surface effects. Anderson* investigated the effect of visible 
light on potassium vapour, and found effects possibly due to a thin 
layer of solid condensed on the electrodes. S imil ar results were 
obtained by Gilbreaths for light filtered through glass. 

i Stark, Phys. Zeits. x. p. 787, 1809. 

a Hughes, Proa. Comb. Phil. Soc. xvi. p. 375, 1911. 

3 Steubing, Phys. Zests, x. p 787, 1909. 

4 Anderson, Phys. Rev i. p. 233, 1913. 

5 Gilbreath, Phys. Rev. z. p. 166, 1917. 
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TTnnz and Williams 1 however showed that caesium vapour 
was only ionised by light of less than about A 3184 which corre- 
sponds to the ionisation potential 3*9 volts. Since the ionisation 
potential for potassium is 4*3 volts corresponding to A 2857. this 
suggests that Anderson and Gilbreath did not really get ionisation, 
but see below. 

EZunz and Williams in a second paper find that the threshold 
for caesi um vapour is 3180 A., in very good agreement with the 
series limit at 3184 A. The difficulty in these experiments is that 
the true gaseous ionisation, as distinct from spurious effects on the 
walls, is so small that it is difficult to observe with monochromatic 
light. Thus m their last paper their monochromator had to be set 
to give a breadth of 80 A., and most other observers have not been 
able to use a monochromator at all, and been obliged to rely on 
filters. Foote and Mohler 2 3 4 have partly avoided this difficulty 
by the use of a very ingenious device due to Kingdon3. If a hot 
wire is emitting electrons and the potential is such that the current 
is limited by the space charge, the presence of a few positive ions 
will increase the current by partly neutralising the charge. The 
production of one heavy positive ion will neutralise the emission 
of many electrons because of its slower speed, and also because 
at low pressures its chance of striking the fine wire cathode, and 
so being absorbed, is very small. Thus such an apparatus is a 
very sensitive indicator of positive ions while little affected by 
the electrons produced by stray light striking the walls of the 
apparatus. Using this device, the above authors found that they 
could use a monochromator with a fine slit. The ionisation 
showed a sharp peak which occurred at the theoretical l imit 
3184 A. within the errors of experiment, but there was a con- 
siderable effect up to 3400 A. The authors attribute this to 
ionisation by two stages, the first produced by the light, the 
second by heat collisions or possibly infra-red radiation. 

Further exper im ents by Mohler, Foote and Chenault* show 
that ionisation can be caused by the resonance radiation, i.e. the 

1 Kubz and Williams, PJiys. Rev. xv. p. 550? 1920; xxii p. 456, 1923. 

2 Foote and Mohler, JPhys Rev. xacvi- p. 195, 1925. 

3 Kmgdon, Phya . Rev . aaa p. 408, 1923. 

4 Mohler, Foote and Chenaiilt, Phya. Rev. xxvu p. 37, 1926* 
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light of the frequency of a line of the principal series. The 
limit of the series showed as the largest of a number of maxima, 
corresponding to each line of the Beries, when photo-electric effect 
was plotted against wave-length. The remaining energy required 
for ionisation is believed to be supplied by the energy of thermal 
agitation of the molecules, transferred to the electron by collisions. 
Foote 1 has also shown that mercury vapour can be ionised by 
the mercury hue 2537. The ionisation is not simply proportional 
to the intensity of the light. 

Samuel 2 finds for potassium that light up to 2804 A. ionises 
but not up to 2893 A. He used filters. Williamsons, also with 
filters, found the limit between 2800 and 3100 A. Lawrence^ 
who used a monochromatic illuminator, found that ionisation of 
potassium did not occur for wave-lengths above 2610. This is 
difficult to reconcile with the theoretical value A 2857. Lawrence 
suggests that the ionisation is due to molecules, but it does not 
seem clear why the more numerous atoms should not produce an 
effect. The effectiveness of the radiation increased as the wave- 
length diminished (but see § 131*92). 

Ionisation by Stages. 

131*91 . The idea of ionisation in successive stages has been 
invoked recently by various writers (Richardson and Bazzoni, 
Mi l likan , Van der Byl and Compton) to account for the phenomenon 
of the low voltage arc, in which an arc is formed with a potential 
difference less than the ionisation potential of the gas. In this case 
it was suggested that one, or both, of the stages is caused by an 
electron impact. It has been shown by Compton and Smyth 5 that 
the ionising potential of fluorescing iodine vapour is only 6*8 volts, 
while for the normal vapour it is 9*4 volts. The frequency re- 
quired to produce fluorescence corresponded to 2*3 volts. Pre- 
sumably a mixture of this light with that corresponding to 
6*8 volts, i.e. A 1815 would cause the ionisation of iodine if it was 

i Foote, Phys. Rev. xxix. p. 609, 1927. 

* Samuel, Zeits. f. Phys. xs ax p. 209, 1924. 

3 Williamson, Phys. Rev. xxL p. 107, 1923. 

4 Lawience,*PftiZ. Mag. L p. 345, 1925. 

5 Compton and Smyth, Phys. Rev. fcvi. p. 501, 1920. 
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intense enough A more recent paper by Compton 1 leads to the 
conclusion that in most cases successive ionisation is more likely 
to be caused by the successive absorption of two quanta of radiation 
than by electron impacts. 

The first critical potential of nitrogen is about 8*2 volts and of 
oxygen 7*9 volts, while the next are at 16*9 and 15*5 respectively. 
It is not however quite certain whether the lower values are 
ionisation or resonance potentials. They correspond to A 1510 
and A 1570. In view of the fact that Hughes found no ionisation 
at A 1350, these lower values cannot be effective unless the 
determinations are rather badly wrong. On the other hand, if the 
effect is due to the next critical at 15*5 volts (oxygen) the wave- 
length would be A 800, and it hardly seems probable that any 
fluorite plate would transmit this, though Lenard and Bamsauer 
thought they had evidence of light of about A 900. The matter 
needs further investigation with a view to finding as accurately 
as possible the threshold wave-length for the ionisation of air. 
Ludlam and West’s work (§ 131*71) suggests that it is the oxygen 
rather than the nitrogen that is ionised. 

131*92. Some recent measurements have been made of the 
efficiency’ of photo-electric ionisation, i.e. the number of ions 
produced per erg of light. If I v dv is the intensity of radiation 
between the limits of frequency v and v -1- dv, then if B v I v dvdt 
is the chance of an atom absorbing the radiation and emitting a 
photo-electron, B, may be called the photo-electric efficiency. 
Mohler, Foote and Chenault 2 3 made relative measurements for 
caesium vapour. They found B v — al *i ~ *■*, where a is a con- 

stant and v lt X x refer to the frequency corresponding to the ionisa- 
tion potential. A variation as a simple power of A, suggested by 
Milne and Kramers on theoretical grounds, will not fit these results. 
Little3 has made some absolute measurements. Light of A 3184 
of intensity one erg per sq. cm. releases 4 x 10 — 10 electrons per 
atom. This number falls to 1*2 x 10 — 10 at about A 2600 and then 
increases. 


1 Compton, Phys Rev. xx p. 293, 1922. 

2 Mohler, Foote Chen&tdt, Phys. Rev. xxviu p. 37, 1926. 

3 Little, Phys. Rev. xxx. pp. 109 and 963, 1927. 
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Photo-electric Effects involve an Absorption of Light. 

132. Stoletow 1 at an early stage in the history of this subject 
called attention to the connection between the photo-electric 
effects and the absorption of the ultra-violet light; he pointed 
out that water which does not give photo-electric effects does not 
absorb many of the visible or ultra-violet rays, while solutions 
such as those of methyl-green or violet, which are photo-electric, 
show strong absorption. Hallwachs 2 , who investigated the sub- 
ject in greater detail, found in all the photo-electric liquids which 
he tried strong absorption for the ultra-violet light, but that strong 
absorption was not always accompanied by photo-electric effects; 
thus for example the aqueous solution of fuchsine is photo-electric, 
while the alcoholic solution is not, and yet the alcoholic solution 
absorbs more ultra-violet light than the aqueous one. 

132*1. Differences in absorption appear to account for the 
asymmetry observed in some cases between the number of photo- 
electrons emitted by a thin film of metal spluttered on to a quartz 
plate when it is illuminated by light from opposite sides. Klee- 
man3 and Stuhlman4 both found that under these conditions 
a pla tinum film emitted 17 per cent, more electrons when ill uminat ed 
on its free side than when illuminated through the quartz. 
Stuhlman also got similar results with other metals. Partzsch 
and Hallwachs 5 however were able to show both by measurement 
and theoretical considerations that more light entered the film 
from the quartz side than from the air side with equal illummation. 
The theoretical ratios were in close agreement with those fo und 
by St uhlman for the various metals tested. 

In the case of electrons ejected from atoms by X-rays, which 
is of course an analogous process, it is known that there is a ten- 
dency for them to be emitted in a forward direction, in fact the 
majority appear to start out at an angle between 70° and 80° to the 
direction of the X-rays. This is attributed to the momentum hvjc 
associated with the quantum of radiation. On this view the angle 

I Stoletow, Physihahbche Pevue, Bd i. 1892. 

3 Hallwachs, Wied Ann. xxxvii. p. 666, 1889. 

3 Kleeman, Proe. Roy. Soo A, lxxxav. p. 92, 1910. 

4 Stuhlman, Phil. Mag xx. p 331, 1910, xxii. p. 854, 1911. 

5 Partzsch and Hallwaohs, Ann. der Phys. xh. p. 247, 1913. 
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•would be cot -1 c/u, where v is the velocity given to the electron 
and c that of light. In the case of visible radiation the angle 
would be practically 90° and there would be no appreciable ten- 
dency for the electrons to be carried forward with the light. For 
a theoretical treatment on the basis of wave mechanics, see "W entzeh 
Zeits.f. Phys. xl. p. 574, and xli. p. 828, 1927. 

Stnhlman 1 has more recently made some elaborate experiments 
on the variation of photo-electric effect with the tbinlmpga Q f the 
film in the case of Pt and Ag. He found a mayirmim effect for 
a thickness (of order 10 _e cm.) which varied with the wave-length. 
Compton and Ross 2 found more complicated curves with two 
maxima at thicknesses appreciably less than the above. 

Predwoditelew and NetchaewaS have shown that in the case 
of fuchsine and other allied dyes, the photo-electric emission from 
a thin film undergoes remarkable periodic variations with the 
thickness, four or five maxima being observed. Akulov* has 
shown that in the case of fuchsine these can be accounted for by 
the stationary waves formed in the thin film on the classical theory. 
He states that similar considerations can account for the existence 
and position of the maximum observed by Stuhlman. 

132*2. A number of workers have shown that given the other 
conditions constant the number of electrons ejected in unit time is 
proportional to the intensity of the light. Apparent exceptions 
are due to changes produced by the light in the surface layer, or 
to the charging up of non-conducting parts of the apparatus by the 
emitted electrons. 

Arnold and IvesS find that there is a lag in the increase of 
current produced by illuminating an oxide-coated filament emit- 
ting thermo-electrons. This cannot be accounted for by the 
heating produced by the light, and is perhaps a surface change 
analogous to those which cause photo-electric fatigue. 

Lenard found for a surface of soot that proportionality existed 

1 Stuhlman, Phys. Rev xw. p 374, 1919. 

2 Compton and Ross, Phys Rev xm p. 109, 1919 

3 Predwoditelew and Netchaewa, Zeits f. Phys. xsxx p. 33 2, 1924 

4 Akulov, Z&Us. f. Phys. xli. p 920, 1927. 

5 Arnold and Ives, Proo. Nat Acad. Set. vii. p 323, 1921. 
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over a range of 1 : 10®. Richtmeyer 1 using sodium m vacuo 
found strict proportionality over a range of intensity from 600 
to *007 foot candles. Besides earlier experiments with, potassium, 
Bister and Geitel 2 found that the law held down to an illumination 
of 10 -7 ergs per sq. cm. per sec. In a still later paper they 
extended this result down to 3 x 10 -9 ergs per sq. cm. per sec. 
The fact that the photo-electric efEect starts instantaneously even 
with small energies has an important bearing on the theory, as it 
shows that the energy of the electrons cannot have been accumu- 
lated from the incident beam by the resonance of some portion 
of an atomic system. On the classical theory a free electron 
can absorb the energy from radiation over an area of the order of 
a square wave-length. Bister and Geitel 2 obtained a measurable 
effect with blue light of intensity 3 x lO -7 ergs per sq. cm. per sec. 
acting on a potassium surface. The energy which the electron 
could absorb is thus 

(4 x 10~ 5 ) 2 .3 x 10~ 7 = 4-8 x 10 -16 ergs per sec. 

The energy it receives is hv= 4*9 x 10~ 12 ergs; thus the light 
would have to act for 10* secs, before the first electron could be 
emitted. Thus either the energy is derived from the atom and 
released by a trigger action or the energy in the wave front is 
concentrated into small bundles, one of which may be absorbed 
by a single electron. The second alternative is that now generally 
accepted, both on account of the difficulty of devising a suitable 
trigger mechanism, and because of the success of the Bohr theory 
of spectra which involves analogous assumptions. 

132 * 3 . Another point of considerable importance is the relation 
between the total energy absorbed from the light and the s um of the 
energies of the emitted electrons. Taking only the electrons which 
actually escape, the former is always many times the latter; in 
one special case Pohl and Pringsheim 3 mention that a pot assium 
surface under certain conditions emits electrons whose total energy 
is 2 per oent. to 3 per cent, of the light absorbed. This is under 
conditions when the selective effect is important. While it is 
perfectly possible that the balance is accounted for by the electrons 

1 Richtmeyer, Phys. Rev. xxix. p 71 , 1909 ; also xxx. p. 385 , 1910 

2 Elster and Geitel, Phys. Zeits. xiu. p. 468 , 1912 

3 Pohl and Pringsheim, Verh d Deutsch Phys. Oes. xv p, 173 , 1 913. 
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which do not escape from the metal, there is no experimental proof 
that anything like the whole energy of the absorbed radiation is 
used in producing photo-electrons according to the q uant um law. 

Connection between the Hate of Leah in Gases and 
the Strength of Electric Field. 

133 . The first measurements on this subject were made by 
Stoletow 1 , who used the following arrangement: the light from 
an arc lamp passed through a hole in a metal screen, after 
passing through a perforated plate C fell upon a parallel metal 
plate JD; these plates were connected together through a battery, 
the negative pole of the battery bemg connected with D, the plate 
illuminated by the light. The current passing between the plates 
was measured by a very sensitive galvanometer. By means of this 
arrangement Stoletow measured the relation between the current 
and the potential difference between the plates, making experi- 
ments with the plates at distances apart varying from about 2-5 
millimetres to 100 "millimetres ; the results of these experiments, in 
which the gas between the plates was air at atmospheric pressure, 
are represented by the curves of Big. 113; the abscissae represent 
the potential differences between the plates, the unit bemg 
1*43 volts (the electromotive force of a Clark’s cell); the ordinates 
represent the current passing between the plates, the unit being 
8*6 x 10 -11 amperes ; the symbol on the curve, for example as + 25, 
indicates that the distance between the plates was x + 25 milli- 
metres, where a; is a small distance, about 1-5 mm., that was not 
very accurately determined; the diameter of the plates was 22 mm. 
An inspection of the curves shows that when the distance between 
the plates is small and the electromotive force large the current 
increases much more slowly than the electromotive force; it is, 
however, evidently far from saturation; while when the plates 
are separated by distances greater than 25 mm. there is no approach 
to saturation. The curves corresponding to the greater distances 
between the plates show that under small electromotive forces the 
current increases more rapidly than the potential difference. As 
far as the measurements represented in the figure go, i is approxi- 
mately the same at all distances d, provided V is proportional to d, 

I Stoletow, Journal de Physique, li 9, p. 468, 1890. 
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Pig. 113. 


Since in this case the ions are all of one kind we may (see 
p. 376) apply the equation 

X 2 = X 0 2 + ^ , 

where Jo is the velocity of the ion under unit electric force, i the 


i Stoletow, Journal de JPhysique, 11 9, p 469, 1890. 
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intensity of the current, X 0 and X the values of the electric force 
at the plate and at a point distant x from it. 

To form an estimate of the variation in the electric held -which 
is produced by the presence of the negative ions between the 
plates, let us take one of Stoletow’s experiments in which under an 
electric held of 150 volts per cm. the current was 3*3 x 10 -lx 
amperes. The velocity of the negative ions produced by a held 
of 1 volt per centimetre has been shown by Rutherford to be about 
1*5 cm./sec. Hence using electrostatic units, X and X 0 being 
the values of X at places a centimetre apart, we get, putting 
i — 10 -1 , Tc — 4*5 x 10 a , X + Xq — 1, in the preceding equation, 
X — X 0 = 1/180 or a little less than 2 volts per cm., thus the 

variation in the strength of the held is 
comparatively small. Stoletow, who deter- 
mined the intensity of the held between 
two parallel plates one of which was illu- 
minated by ultra-violet light, was not able 
to detect any variation m the intensity. 
Schweidler 1 , who investigated this point 
at a later period, found that the distribution 
of potential between the plates when the 
ultra-violet light was in action, was not 
quite uniform; his results are shown in 
Rig. 114, where the curved line represents 
the distribution of potential when the light 
was shining, the straight one when it was 
not. The curvature of the potential 
curve in the light is all in one direction, indicating the presence 
of an excess of negative ions in every part of the region between 
the plates. The variation in the intensity of the field between the 
plates has also been observed and measured by Buisson 2 and used 
by him to determine the velocity of the negative ions; he fi n d s 
that under a potential gradient of a volt per cm. this velocity is 
about 2*2 cm./sec. 

Schweidler 3 has also made experiments on the relation between 

1 Schweidler, Wten. Ber. evil p. 881, 1898. 

2 Buisson, Comptes Bend.ua, cxxvu p. 224, 1898. 

3 Schweidler, Wten. Ber eviu p. 273, 1899. 
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the current and the strength of the electric held over a wider 
range than in Stoletow’s experiments : his results for air at atmo- 
spheric pressure are shown by the curve (Fig. 115). It will he 
noticed that when the strength of the field approaches the value 



Fig 115. 

5730 volts, which is the strength required to produce a spark 
in the dark across the plates which were 3 mm. apart, there is 
a very great increase in the current. 

This rapid increase of the photo-electric effect in the neigh- 
bourhood of the sparking potential was first observed by Kreusler 1 . 
The relations between the leak from plates of iron, aluminium, 
copper, zinc, silver and amalgamated copper, and the strength of 
field are represented in the curves given in Fig. 116; the abscissae 
measured from 0 represent the difference between the electromotive 
force applied and that required to produce discharge in the dark. 
The increase in the leak is so great that it cannot be adequately 
represented in a moderately sized figure; a better idea in the case 
of the zinc plate can be derived from the following table given by 

I Kreusler, Ann. der Phys. n. p. 398, 1901. 
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Kreusler. V is the potential difference and % the current; the 
potential required to produce a spark was 4060. 


V 

t(l = 10“ 10 
amp.) 

V 

t (1 = 10 r-10 

amp.) 

V 

l(l = 10- 10 
amp ) 

4040 

.136-39 

3050 

0*19 

3300 

036 

3970 

25-67 

2540 

009 

3440 

0-58 

3780 

5*88 

1700 

006 

3640 

1-36 

3700 

2-40 

1170 

0-05 

3710 

1-98 

3690 

1-39 

1780 

0 06 

3760 

3-88 

3440 

0-70 

2530 

0 08 

3970 

21-09 

3300 

0-40 

3060 

0-17 

4040 

80-51 


These figures also show evidence of an effect often observed 
when using ultra-violet light — the decrease of sensibility with the 
time; thus of the two readings taken with the greatest potential 
difference the la ter one was very appreciably less than the earlier 
one. This ‘fatigue* of the plates is probably due to a chemical 
change in the surface layer caused by the light. 
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The increase in the rate of leak when, the electric field ap- 
proaches a certain strength is also very evident when the gas is at 
lower pressures. The effect of altering the pressure of the gas was 



first investigated by Stoletow 1 , and subsequently by Sehweidler 2 
and Lenard3. Stoletow showed that as the pressure was di- 
minished, starting from atmospheric pressure, the current slightly 
increased, the change in the current being small compared with 
that in the pressure; on carrying the reduction of pressure still 
further, a stage was reached (if the strength of the field was not 
too small) when the current increased rapidly as the pressure 
diminished; this went on until the current reached a maximum 
value, after which it began to decline, but at the lowest obtainable 
pressures it had a finite value which was independent of the 
strength of the electric field. 

The variation of the current with the pressure when the 
potential difference remains constant is exhibited in the curves 
(copied from Stoletow’s paper) shown in Kg. 117; the distance 
between the plates was *83 millimetre and the figures on the 
curves indicate the potential difference expressed in terms of 
Clark’s cells (1 Clark’s cell = 1-43 volts). 

1 Stoletow, Journal de Physique, ii 9, p. 468, 1890. 

2 Sehweidler, Wien. Ber. evin. p. 278, 1899. 

3 Lenard, Ann. der Phys. n. p. 369, 1900. 
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The values of the current at a series of pressures, ■when the 
distance between the plates was 3*71 mm. and the potential 
difference about 90 volts, are shown in the following table: 


Pressure in 
millimetres 

Current 

Pressure m 
millimetres 

Current 

Pressure m 
millimetres 

Current 

754 

8 46 

2 48 

74 7 

0 105 

65-8 » 

152 

13 6 

1*01 


0-0147 

53*8 

21 

26*4 

064 


0-0047 

50*7 

8-8 

32*2 

0*52 


0*0031 

49*5 

3*3 

48 9 

0-276 

82*6 




We see by an inspection of the curves in Fig. 117 that the 
pressure at which the current is a maximum increases with the 
electric force between the plates: Stoletow has shown that 
the pressure at which the current is a maximum, is proportional 
to E{d, where d is the distance and E the potential difference 
between the plates ; this law may also be expressed by saying that if 
A is the mean free path of a molecule at the pressure for maximum 
current, when the electric force is X, then XX is constant. The 
curves in Fig. 117 show that at very low pressures the current 
is independent of the strength of the electric held, i.e. is saturated. 
This is also well shown by the following numbers taken from 
Lenard’s paper. V is the potential difference in volts and i the 
current; the vacuum was the best obtainable, the pressure being 
less than *002 mm. of mercury. 


V 

% 

m 

* 

45000 

24 5 x 10— 10 Coulomb/sec* 

500 

23*4 x 10” 10 Coulomb/sec. 

25000 

26*6 

99 99 

120 

219 

99 99 

8900 

22*5 

99 99 

14 

19-9 

99 99 

4100 

24*8 

99 99 

9 

15 9 

99 99 

3110 

24*5 

99 99 

1 

7 

» 99 

1300 

24*5 

99 99 

0 

4 

99 99 


Stoletow has shown that when the pressure is of the order of 
p m , the current does not depend merely upon the value of E/d, 
where E is the potential difference and d the distance between 
the plates, for with a constant value of Ejd the current at these 
pressures increases rapidly with the distance between the plates. 
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Schweidler 1 2 lias given, curves representing the relation 
between the current and the potential difference at several 
pressures. Similar curves have been obtained by Varley 3 at the 



Cavendish Laboratory, some of these are reproduced in Figs. 
118 and 119. The curves show three distinct stages; the first when 
the electric force is weak, then the current increases rapidly with 
the electric force; the rate of increase gradually dies away as the 
electric force increases, and the second stage is reached when the 
current only varies slowly, at some pressures hardly at all, with 
the electric field; with still larger electric forces a third stage is 
reached when the -current increases rapidly with the electric force 
and also with the distance between the electrodes. 

1 Schweidler, Wien. Ber. cyui. p. 273, 1899. 

2 Varley, Phtl. Trams A, coii p. 439, 1904. 
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Theoretical Considerations relating to the Connection between the 
Current and the Strength of the Electric Field. 

134. It will be convenient to confine our attention in tie first 
place to electric fields wiici are weak compared with those required 
to produce discharge in the dark. The view we take of the action 
of the ultra-violet light is that under the action of this light the 
metal emit s from each unit area in unit time a certain number 
of electrons; that these electrons soon, when gas surrounds the 
metal, get attached to one or more molecules of the gas and form 
negative ions. 

The negative ions accumulate in the space between the plates 
and, since like the molecules of a gas they are moving about in all 

directions, some of them will strike against the negative plate and 

30 


C£ 
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give up their negative charges to it - the steady state will he 
reached when the negative electricity given out by the plate struck 
by the ultra-violet light, minus the quantity of electricity given up 
to the plate by the ions striking against it, is equal to the current 
through the gas. 

To express this condition mathematically let us take the case 
of two parallel plates one of which is illuminated by ultra-violet 
light; let X be the electric intensity at right angles to the plates, 
the ill uminat ed plate being at the lower potential, n the density of 
the negative ions between the plates I , k the velocity of the negative 
ion under unit electric force, e the charge on an ion, i the current 
through unit area, then 

i — nekX. 


The n umb er of negative ions which in unit time strike against 

CPI/ 

unit area of the plate is (see p. 351) equal to -^=. , where c is the 

average velocity of translation of the negative ions. If 7 is the 
number of electrons emitted by unit area of the plate in unit 
time, then 


Ie = 


me 


or smce 


Ie 


Vfrr 
i = nekX, 

d 




+ ' 


or 


‘V QttTcX 
IeV 6 irJcX 


c -f- a/ QttJgX 

When X is so small that kX is small compared with c, i.e. when 
the velocity of the ion due to the electric field is small compared 
with the mean velocity of translation of the ion, 


i = IeV&nkX-. 

c 


Thus when the electric force is small the current obeys Ohm’s 
law. For larger values of the electric force the rate of increase of 


i These ions start as electrons but soon cling to molecules of the gas and 
become ions except in the case of the inert gstees, nitrogen, and hydrogen, when 
very pure. 
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tbs current with, the electric force diminishes sntl the current 
approaches the saturation value le. 

1 e A 


Since 


7 A C A 

2 me 7 


m being the mass of the ion and A its mean free path, we have 

IeX 


and when X is small 


X+ 

Ae v6 7r 

IeX y/ Q ttX 
’ ~2mc* ' 


Since me 2 depends upon the temperature only, the rate of 
increase of the current with the electric force will be proportional 
to the mean free path of the ion and so will be greater at low 
pressures than at high ones. If the pressure of the gas remains 
constant while the temperature varies, since both A and me 8 are 
proportional to the absolute temperature the ratio of the two will 
be independent of the temperature, and the variation of i with the 
temperature will depend solely upon the variations of I. 


135. Even when there is no external electric field the diffusion 
of the ions will produce a small current due to the drift of the 
negative ions from the illuminated electrode. If n is the density 
of the negative ions at the illuminated electrode, n* that at the 

other electrode, the gradient of density is ” ■ where l is the 

distance between the electrodes; hence if D is the coefficient of 
diffusion of the negative ions, % the current through unit area. 


D 


(n — n’) e 


We have also 


and 

Hence 


Ie 


one 
y/ &7T 


i. 


cn’e 

V&7T 


Ie- 


Sl— ^ 

y/fitr-D 


2 *, 


30-3 
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Ie 

or i ■ — . 

2 + -A.1 

V » 71 D 

136 . Elster and Geitel 1 and Stoletow 2 found that, with the 
strength of electric field used by them, the rate of escape of 
eleotricity through carbonic acid gas was much greater than that 
through air or oxygen. Breisig 3 on the contrary found that the 



Fig 120. 


rate was less through CO a than through air: and that it was 
exceptionally large through the vapours of ether and alcohol. The 
rate of leak varies so much with the potential difference that 
a comparison of the rates of leak for the different gases with 
only one value for the potential difference is not satisfactory and 
gives little information. "What is really wanted is a comparison 
for the different gases of the curves representing the relation 

i Elster and Geitel, W%ed. Ann. xh p. 161, 1890. 

z Stoletow, O. R cvii. p. 91, 1888. 

3 Breisig, JBonn Dies. 1891 ; _ 'W i&d. ReibltUter, xvu. p 60. 
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between the current and the potential difference. This has been 
done by Vaxley I , one of whose curves is given in Fig. 120. It will 
be seen that the current due to the photo-electric effect is with 
weak electric fields greater in air than in hvdrogen, with strong 
fields it is greater in hydrogen than in air. It would also be 
desirable to have these curves drawn for ultra-violet light of 
different wave-lengths. The different gases might also cause the 
currents to differ by altering the surface of the metal either by 
combining with it or by condensing on its surface. 

137 . We shall now go on to consider the sudden increase in 
the current which occurs when the electric field approaches the 
intensity required to produce a discharge in the dark. We can, 
I think, explain this by means of some considerations first advanced 
by the author 2 to explain the ionisation produced when a strong 
electric field causes a discharge to pass through a gas. When 
cathode or Lenard rays pass through a gas, the gas becomes a 
conductor, i.e. it is ionised; hence we see that when very rapidly 
moving ions pass through a gas and come into collision with its 
molecules the gas is ionised, the energy required for the ionisation 
coming from the kinetic energy of the rapidly moving ions. 
Inasmuch as the ionisation of a molecule of a gas requires the 
expenditure of a finite amount of work, a moving ion cannot 
ionise a molecule against which it strikes unless its kinetic energy 
exceeds a certain critical value, but when its energy does exceed 
this value then a certain fraction of the number of collisions 
between the ions and the molecule will result in ionisation. Now 
when the ions are moving in an electric field, the kinetic energy 
acquired by the ions will increase as the strength of the field 
increases, and when the field is strong enough to make the kinetic 
energy of the ions exceed the critical value, the ions by their 
collisions will give rise to new ions, and thus there will be an 
increase both in the number of ions and the current through the 
gas : it is this increase which is so marked a feature of the currents 
produced by ultra-violet light when the electric field is strong. 

If l is the mean free path of an ion, 2L the electrio force, e the 

x Vailey, Ph%l Trans. A, coii p. 439, 1904. 

St J. J. Thomson, Pros. Comb. Phil. Soc. Feb. 5, 1900, Phil. Mag. v. 60, p. 278, 
1900. 
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charge on the ion, then the mean kinetic energy given to the ion 
by the electric field is Xel\ when therefore Xel exceeds a certain 
critical value, ionisation will take place in a certain fraction of the 
collisions; let ns denote this fraction by f (Xel), f (x) being a 
function of x which vanishes when x is less than a certain value. 
If there are n ions per cubic centimetre, then the number of 
collisions in unit time is equal to nvjl, where v is the average 
velocity of translation; hence the number of ions produced m 

unit time per unit volume is -y - f (Xel). A certain number of 

collisions may result either in the recombination of the ion, or 
the attachment of the ion to the system against which it collides, 
so that the ion ceases to be available for carrying the current 1 ; let 
a fraction j8 of the collisions result in the destruction of the ion as 
an ionising agent, then the number of these ions which disappear 

from a cubic centimetre of the gas in unit time is fi -j- 2 , hence the 

excess of the ions produced over those which disappear is eq ual to 

™{f(Xel)-?} (1). 

We have by the equation of continuity, if u is the average 
velocity of translation parallel to the axis of x, 

® + *(«“)- ”{/(»>-» ( 2 ). 

Now when the ions are moving so rapidly that they have 
sufficient kinetic energy to act as ionising agents, their velocity 
must be mainly due to the electric field, since when this field is 
absent no ionisation is produced. Hence we have approximately 

V = 'Ll. 

When things are in a steady state we have by (2) 

</(**> -ft; 

1 In the case we are considering, where the ions are initially electrons, this will 
practically be the case if they become attached to a molecule, owing to the much 
smaller mobility and ionising power of the system so formed 

2 We have here neglected the loss of ions due to the recombination of positive 
and negative ions m comparison with that duo to the collision of the ions with 
the molecules. 
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integrating we get 

nu — Ce* , 

or if as a first approximation we regard X as constant we have 

nu=Ce 

If the current has reached the saturation stage before ionisation 
begins, then nu — I when cc = 0, x being measured from the 
ill uminat ed plate, hence 

nu=Ie 

if d is the distance between the plates, then i the current is the 
value of nue when x = d, since the positive ions carry none of the 
current at this plate, thus 

i-ele $«»>-» (3) . 

When this additional ionisation sets in, the current with a constant 
value of X increases with the distance between the plates; this 
effect has been observed by Stoletow 1 . As long as the ionisation 
is confined to that produced at the metal plate by the ultra-violet 
light, the current is determined by the electric force, i.e. i is a 
function of X and not of d; when however the secondary ionisation 
occurs % is a function of both X and d. 

The point at which the secondary ionisation begins is when 
Xel has a certain definite value; as Z the mean free path of an ion 
is inversely proportional to the pressure, the value of X required 
to start the secondary ionisation will be directly proportional to 
the pressure. 

It is evident that the current cannot go on continually in- 
creasing as the pressure diminishes, for, when the free path gets 
comparable with the distance between the plates, there will be 
very few collisions, and therefore little if any secondary ionisation; 
in the limit when the pressure is indefinitely reduced, the number 
of ions reaching the plate not exposed to the light must equal the 
number leaving the illuminated plate, hence with our previous 
notation the limit ing current will be equal to Ie. 

The value of the free path at the pressure when the current 
is a maximum is by equation (3) determined by finding the value 
of Z which makes {f {Xel) — jS }/Z a maximum; this condition 
x Stoletow, Journal de Physique, u. 9, p. *408, 1890. 


J®(/(XeZ)-/3)dr 
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gives /' (Xel) Xel = f (Xel) — fi, an equation to determine Xel; 
thus when the current is a maximum XI has a constant value, 
this coincides with Stoletow’s result that if p m is the pressure 
at which the current is a maximum, X/p m is constant. 

137*1. Townsend 1 has made a large number of experiments on 

this effect. He takes (3 = 0 and writes a for jf (Xel). He finds that 

the relation between current and voltage is well represented by 
his formula, and confirms Stoletow’s result that Xjp m is constant. 
He has also shown that his values for a can be represented by the 
a -XFp 

formula - = Ne Jf where N is the number of collisions made 
jP 

by an ion in passing through 1 cm. of the gas at 1 mm. pressure. 
This formula can he deduced on theoretical grounds if it is assumed 
that the collisions of the electrons with the molecules are inelastic, 
and that if the energy with which the electron strikes the molecule 
exceeds Ve, ionisation will occur. Partzsch has shown that the 
agreement between theory and experiment may be somewhat 
improved by taking account of the fact that ionisation by collision 
cannot occur tall the electron has moved a distance V/X from the 
plate. 

Townsend’s results are shown in the following table, compared 
with the values obtained by the Franck and Hertz method. It 


Ionisation potentials m volts 

Gas 

Townsend 

Partzsch 

Low pressure method 

Air 

25*0 

27*1 


N, 

27*6 

27-9 

16*9 (Mohlex and Foote) 

o. 

— 

23*9 

15*5 (Mohler and Foote) 

H* 

26*0 

27-8 

/13-6 atom (KL. T. Compton) 

\15*9 molecule (Smyth) 

co s 

HOI 

23-3 

23-5 

— 

16-5 

— 

13*7 (Foote and Mohler) 

H*0 

22-4 

— 

— 

A 

17 3 

— 

15-1 (Horton and Davis) 

He 

14-5 

— 

25-7 (Horton and Davis) 


i Townsend, Electricity tn Oases, chap. viiL 
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will be seen that, except in the case of the inert gases, they axe too 
large. The discrepancy is perhaps accounted for by the neglect 
of £. 

It must be remembered also that whenever ionisation, followed 
by recombination, is occurring, there will be radiation emitted, 
mostly of a very absorbable kind, which will cause the emission of 
electrons from the metal electrodes and perhaps from the gas. 
The emission from the cathode will go to increase that due to the 
outside illumination. This effect is of course familiar in the 
Franck and Hertz methods of measuring ionisation and resonance 
potentials. As the radiation is very easily absorbed by the gas 
it will be most effective at low pressures, but it will always some- 
what modify the results of the last four paragraphs. 

138-1. The magnifying effect of gas at a suitable pressure on the 
photo-electric effect, which may easily reach a hundredfold or 
more, is made use of in the design of photo-electric cells for the 
measurement of small intensities of light. The alkali metals have 
chiefly been used for this purpose, and have proved very successful. 
The sensitivity of the cell can be much increased by passing a slow 
discharge through it when it contains hydrogen. This causes the 
formation of a hydride and probably turns the rest of a metal mto 
a very sensitive colloidal form. This appears both to shift the 
threshold to a larger wave-length and also to increase the general 
emission. It is then filled with an inert gas at a pressure of about 
1 mm., this allows of ionisation by collision and does not cause 
surface change. Elster and Geitel x have prepared cells sensitive 
to 3 x lO -9 ergs per sq. cm. per sec. for blue light, and 2 x 10 -7 ergs 
per sq. cm. per sec. for orange light, the former being more sensitive 
than the human eye. For the design and uses of such cells see 
Hughes’ Report on Photo -electricity, p. 107. Although each 
separate cell gives accurate and consistent results, it has not been 
found possible to make different cells identical in properties, so 
they need calibrating individually. 

Photo-electric Fatigue. 

139. The rate of emission of electrons from some metals is 
much greater when a clean surface is first exposed to ultra- 
i Elster and Geitel, Phys. Zette. xiv. p 741, 1913. 
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violet light than it is after the exposure has lasted for some 
time. The cause of this effect, which is known as 'photo-electric 
fatigue,’ has not yet been fully made out, and there are some 
discrepancies in the results of the experiments which have been 
made upon it. There seems no doubt that it varies greatly 
(1) for different metals, (2) with the gas in which the metal is 
placed, and (3) with the quality of the ultra-violet light. Thus 
Ladenburg 1 found that aluminium in a high vacuum showed no 
fatigue, whereas the fatigue for silver was very well marked; the 
surface of the silver was roughened by the ultra-violet light, 
suggesting that particles of silver had been torn from the surface, 
while the aluminium surface was not affected. Ladenburg showed 
that the state of polish of the surface had great influence on the 
photo-electric effect. Varley found that while zinc became rapidly 
fatigued in air it did not do so in hydrogen, in this case the fatigue 
might be ascribed to oxidation of the surface. Fatigue however 
is by no means always due to oxidation, for Lenard 2 has observed 
it in the best vacuum he could obtain. Schweidler- 3 found that 
fatigue did not depend upon the electrification of the surface, 
and that it took place just as rapidly when the surface was posi- 
tively electrified, when no electricity was escaping from the plate, 
as when the plate was negatively charged and electricity was 
streaming out of the plate. Kreusler4 and BuissonS found that 
fatigue did not take place in the dark and thus was due to the 
action of light. Hallwachs 6 , who worked with surfaces of Cu, 
CuO and Cu 2 0, on the other hand came to the conclusion that 
fatigue took place just as rapidly in the dark as in the light; he 
found that it was very much less in small vessels than in large 
ones or in the open air and he attributed it to the effect of ozone. 

139-1. A very large amount of work has been done on photo- 
electric fatigue, but without leading to any very conclusive results. 
The success of photo-electric cells as measures of light intensity shows 
that fatigue is not an essential part of photo-electric phenomena. 

1 Ladenburg, Ann der Phya. xii. p. 658, 1903 

2 Lenard, Ann. der Phya. aai. p. 449, 1903. 

3 Schweidler, Wien Per. aria. 11a, p 974, 1903. 

4 Kreusler, Ann. der Phya. vi p. 398, 1901. 

5 Btusson, Journ. de Phya m. 10, p. 597, 1901. 

6 Hallwachs, Phya. Zeits. v. p. 239, 1904. 
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HuglisB points out that in those cells the electrodes sxe platinum 
sealed into glass and that there are no taps, wax joints or other 
sources of contamination. Other experimenters have however 
found fatigue in the best vacua easily obtainable. In all proba- 
bility fatigue is due to a variety of causes. One seems to be the 
formation of a thin film of hydrogen peroxide which has a great 
absorption for ultra-violet light, but the most common is probably 
a modification of the surface layer leading to a change m the contact 
difference of potential and consequent shift of the apparent 
4 threshold.’ Oases are known m which photo-electric effects 
increase with time 1 . The effect does not seem one of great 
theoretical importance as regards the action of the light itself. 
Reference should however be made to the result ob tained by 
several observers that very careful removal of gas films awrl ab- 
sorbed gas, as for example by repeated distillation in vacuo, 
renders a metal almost completely insensitive to light, a-nrl it Tina 
even been suggested that the presence of gas is gas an-tin.! for the 
existence of a photo-electric effect. The work of Hughes however 
suggests that what is being observed is a change in the ‘threshold’ 
connected with a change in the contact potential difference. 

Influence of Temperature on the Photo-electric Effect. 

140*1. A number of measurements have been made on the effect 
of temperature on the photo-electric current. Those made with the 
active surface m the presence of gas almost all showed a Tna.irkWl 
effect, generally, but not always, an mcrease with the temperature. 
Zeleny 2 found a marked lag, due presumably to the time taken 
by the surface layer of gas to adjust itself to the changed tempera- 
ture. Experiments made in vacuo however have mostly shown 
no effect (see for example Nielsen) 3. This holds both for the total 
current and for the Trmxrmn™ velocity of emission. The effects 
observed m the presence of gases must thus be supposed to be 
secondary ones due to the influence of the gas on the surface 
layer. The temperature must not be so bi gb that any appreciable 
thermionic effect is occurring, as this would mask the photo-electric 

1 For an account of the work done up to 1913 see Allen’s Photo-electricity and 
Hughes’ Photo-electricity. 

2 Zeleny, Phya Rev. aai. p. 331, 1901. 

3 Nielsen, Phya. Ben. zxv. p 30, 1925, 
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effect, which is normally far smaller. Crew 1 has however investi- 
gated some cases in which the extra current due to light is com- 
parable with the thermionic current, and much larger than the 
light causes on the cold surface. He found that oxide-coated 
filaments of platinum showed the effect, while plain platinum and 
tungsten did not. It appears to be due to chemical action between 
the oxides and the platinum, see § 132*2. For a detailed discussion 
of the effect of temperature the reader is referred to the treatises of 
Allen and Hughes. 

Low Temperatures. 

140-2. Ives 3 found a potassium surface in a high vacuum showed 
a decreased sensitivity on cooling from 20° C. to — 180° C. corre- 
sponding to a change in the work function of about -2 volts. 
HombeckS finds a similar result and attributes it to a change m 
crystal structure. Burt 4 however working on a sodium surface 
found no change in this range if the surface was kept perfectly 
clean. Different degrees of contamination produced temperature 
effects of either sign. Burt formed his surface by driving the 
sodium electrolytieally through the walls of a high vacuum soda 
glass lamp bulb. 

Effect of TJltra-violet Light on the Condensation of Moisture. 

141. C. T. R. Wilson 5 has studied the action of ultra-violet 
light on gases from the point of view of the effect produced by the 
light on the formation of clouds. His results with intense light 
have already been described in Chap. VIII ; we shall only consider 
here the effects obtained with very feeble light, as the effects have a 
direct bearing on the question of the ionisation of air by ultra- 
violet light, though they do not touch the question as to the effects 
produced by the extremely absorbable light studied by Lenard. 
Wilson found that with very feeble ultra-violet light clouds were 
produced by expansion when this exceeded a definite amount, 
just as in the case of a gas ionised by X-rays, and that the 
amount of expansion required was just the same for the ultra- 

x Grew, Phys. Rev. xxvni. p. 1265, 1926. 

2 Ives, Opt. Soc. Am&r. Jour, and Rev . Sci. Inst. vni. p. 551, 1924. 

3 Hombeck, Pliys. Rev . xsiv. p. 631, 1924. 

4 Burt, Phil. Mag . xlix. p. 1168, 1925. 

5 C. T. R. Wilson, Phil . Trans A, cxcu. p 403, 1899. 
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violet light as for these rays: this at first sight looks as if the 
ultra-violet light ionised the gas. Wilson, however, found that 
the clouds produced by ultra-violet light differed from those pro- 
duced by X-rays, inasmuch as the former were not affected by 
strong electric fields, whereas the formation of the latter was 
almost entirely prevented by such fields. If the clouds due to 
ultra-violet li ght had been due to the ionisation of the gas, the 
ions would have been removed by the field and the clouds stopped. 
At the same time the cbincidence between the expansions required 
for the formation of olouds under ultra-violet light and when ions 
are present is so remarkable that it makes us very reluctant to 
believe that the nuclei are different m the two cases; it seems to 
me that an explanation which is in harmony with the facts is that 
charged ions do form the nuclei of the drops formed by weak 
ultra-violet light, but that these ions are produced during the 
expansion of the gas and are not present when the gas is at rest. 
These ions might arise in the following way: we have seen in 
Chap. VIII that under the action of strong ultra-violet light visible 
clouds are formed without expansion, these clouds being probably 
due to the formation of hydrogen peroxide, which mixing with the 
water lowers the vapour pressure; now when the light is very 
feeble it seems probable that there may still be a formation of 
drops of water which, however, in consequence of the very sm a ll 
amount of hydrogen peroxide produced by the feeble light, never 
grow large enough to be visible. Thus we may regard the air 
exposed to the ultra-violet light as full of exceedingly min ute 
drops of water; when the expansions take place the air will rush 
violently past the drops and we get a state of things which in 
many respects is analogous to the bubbling of gas through water; 
when, however, air bubbles thro ugh water there is, as Lord Kelvin 1 
Tim shown, negative electricity in the air and positive in the water; 
t.Tma when the air rushes past the water drops we should expect 
th e air to cont ain negative ions, the positive ions being on the 
drops, the ions once formed would act as nuclei for clouds if the 
expansion exceeded the value 1-25. If this view is correct, then 
we should expect the n umb er of ions produced by an expansion 
greater than 1-26 to increase with the expansion, for in this case 

x lord Kelvin, JProc. Soy . Soc. A, lvii. p. 335, 1894. 
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tie expansion las to produce tie nuclei as well as deposit tie 
clouds, and tie more vigorous tie expansion tie greater would be 
tie number of nuclei produced. 

Tlere are some otler considerations wlich may lave a bearing 
on this question; we lave seen (p. 334) tlat tie formation of a 
fresl water surface is accompanied by tie liberation of ions; wlen 
the cloud of small drops is formed by tie weak ultra-violet light 
there is a creation of new surfaces of water and tie probability of 
the liberation of ions, tie positive ions being carried by small water 
drops would only move very slowly under an electric field and so 
might not be cleared out by any field it is practicable to apply. 

Vincent 1 las made experiments on the clouds formed without 
expansion by ultra-violet light, he finds tlat some drops are 
charged positively, others negatively, while others were without 
charge. He was not able to detect the presence of hydrogen 
peroxide. 

It is an important meteorological question whether direct 
sunlight can produce a cloud in the atmosphere without expan- 
sion. Wilson was not able to get a cloud in a closed vessel in 
sunlight with less than the normal expansion 1*25. He points 
out, however, that the conditions in the open air are more favour- 
able to the production of clouds than those in a closed vessel, for 
in a closed vessel the drops might diffuse to the sides before they 
had time to grow to a visible size, while in the atmosphere this 
way of escape would not be open to them. 

Selective Photo-electric Effect. 

142-1. Elster and Geitel discovered a veryremarkable peculiarity 
in the photo-electric effect of the liquid sodium-potassium alloy. 
The photo-eleetnc current showed a marked maximum for a 
certain angle of incidence, about 60°, but only when the electric 
vector of the light had a component normal to the surface of the 
liquid. In one case the ratio of the currents with light polarised 
with the electric vector in the plane of incidence {E ||) to that 
with the electric vector normal to this plane ( E±) was as 117 to 2. 
The ma ximum , velocity of emission was however the same in the 

i Vincent, Proc. Camb. Phil. See. xn. p. 305, 1904. 
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two cases. Fold and Prmgslieim 1 showed that for E |[ light the 
current showed a marked maximum at about A 3900, while for E _ 
light it decreases steaddy with increasing wave-length. The effect 
of course only appears at oblique incidence, since for normal 
incidence there is no real difference between the directions of 
polarisation. Fold and Pringsheim regard the emission for E 11 
light as the sum of two effects, one ‘normal’ and equal to that for 
E _L light, the other a * selective ’effect occurring only over a certain 
range of wave-lengths. Their results for the selective effect are shown 
in Fig. 121. Besides this alloy, 27a, K, Rb and some of their other 



alloys show the effect, with varying positions of the maximum, 
though it is harder to study for solids on account of the difficulty 
of getting an optically smooth surface. While for a given substance 
the position of the maximum is constant, the magnitude of the 
effect varies greatly. Thus for the Na— K alloy the ratio of selective 
to normal effect at 60° may vary from 300 to 10 or less. Wolf*, 
working with the Na— K alloy, finds that the velocity corresponding 
to the greatest number of electrons is the same for both normal 

1 Pohl and Pringsheim, Verh. d . Deutsch. Pfti/8. Ges. xii- p. 215, 1910. 

2 Wolf, Ann. d&r Phys. Ixxxni. p 1001, 1927. 
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and selective effects. He used the magnetic deflection, method 
of measuring velocity. It used to be supposed that the existence 
of a maximum effect at a certain wave-length was proof of a 
‘selective* effect of this kind, but it now appears that some sub- 
stances such as A1 and Ca show a maximum of a different kind. 
Thus with Ca the maximum becomes less pronounced as the 
incidence increases, and there was no abnormal difference between 
light polarised in different planes. The theory of Richardson’s 
mentioned above leads to the result that all substances should 
show a maximum effect at two-thirds of the threshold wave length, 
though this is only partially confirmed by experiments on A1 andNa. 

The explanation of the selective effect is extremely difficult. 
In considering it we must first take into account the amount of 
light absorbed by the surface. Pohl 1 showed from experiments 
on films of Pt and Cu formed by cathode spluttering, and on Hg, 
that the ratio of current to hght absorbed was the same whatever 
the plane of polarisation; this is to be considered the nm-ma] 
result. Later Pohl and Prmgsheim 2 have shown that in the 
case of K the maximum is even more marked if the current is 
reckoned per mat intensity of absorbed light than if it is reckoned 
per unit intensity of incident light, the maximum being a region 
of high reflecting power. It has been suggested by Hughes that 
since strong reflection is associated with strong absorption the 
max imum may be due to the E || light being absorbed m a very 
thin layer and so allowing more of the electrons to escape. Some 
experiments by Miss FrehaferS on the reflecting powers of Na 
and K and on the transparency of thin films, give thm theory 
only partial support. Hughes 4 found that the selective photo- 
electrons were emitted, on the whole, in directions nearer to the 
perpendicular to the surface than those of the normal effect. 

Gross 5, who found a selective effect in Cu when spluttered in 
hydrogen, did not obtain it when the metal was spluttered in vacuo 
and considers it to be due to occluded gas in the layer. He used 

1 Pohl, Verb d. Deutsch Phye. Qes. x. pp. 339, 609, 715, 1909 

x Pohl and Pmagsheim, Verh. d. Deutsch. Phye. Qes. xv. p. 173, 1913. 

3 Prehafer, Phye. Rev. xv. p. 110, 1920. 

4 Hughes, Phye. Rev. x. p. 490, 1917. 

5 Gross, Zeits.f. Phye. xxxi. p. 637, 1925. 
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light of wave-length 2537 and examined the different behaviour 
of the surface for light polarised in, and perpendicular to, the 
plane of incidence. Gold also showed an effect, silver and platinum 
were doubtful. Admitting air or water vapour destroyed the 
selective effect, which was always considerably less marked than 
for the alkalis. Ives 1 , and Ives and Johnsrud 2 have obtamed 
some very interesting results with the alkali me tals and their 
alloys. Using thin films deposited in vacuo, they found that the 
thickness of the film was of great importance. Taking the 
difference in effectiveness of E || and E j_ light as a test of the 
existence of a selective effect, they found this large for a certain 
thickness of film, while for very thin films, and for the solid metal, 
it was hardly more than could be accounted for by differences in 
absorption of the light. For thin films the nature of the metal 
on which they were deposited was important. No d efinit e signs 
of maxima at certain wave-lengths were found, cer tainly not 
at the wave-lengths given by Pohl and Pringsheim. Work on 
liquid surfaces of the metals and alloys showed that the sodium- 
potassium alloy, originally studied by Bister and Geitel, gave the 
effect much more than any other. In most other cases the effect 
was hardly more than might be accounted for by differences in 
absorption. Maxima were found for certain wave-lengths in most 
cases, but they were not at the wave-lengths found by Pohl and 
Pringsheim, nor were they constant for different conditions of the 
surface. They seemed however to bear some relation to the 
threshold wave-lengths being generally roughly two-thirds of it 
(see p. 446). The large difference in the sensitivity of the sodium- 
potassium alloy to E\\ and E _L light was found to disappear on 
heating. Ives and Stilweli have investigated other alloys of sodium 
and potassium, besides the one with equal numbers of atoms 
previously studied. Plotting the ratio of the emission E || to E _L 
against composition they find three maxima, one being the original 
alloy. They observed oases in which crystalline plates were formed 
on the surface of the molten alloy or metal. These gave abnormally 
high ratios. Ives considers that part of the difference of his results 
from those of Pohl and Pringsheim is due to their working with 

x Ives, Astrophys. J. lx. p. 209, 1924. 

2 Ives and Johnsrud, Astropky & J. lx. p. 231, 1924. 
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rough or colloidal surfaces, except in the case of the Ha-K alloy, 
while his showed specular reflection. He considers that the 
selective effect requires a peculiar structural arrangement of the 
atoms which usually occurs only for a certain range of thickness, 
and in the case of the Na-K alloy is disturbed when the thermal 
vibration gets too large. This still however leaves unexplained 
how the difference between the effect of light polarised in the two 
planes arises, unless we can suppose that the structure forms a 
system of stationary waves as in Wiener’s experiment. 

Effects with Cathode Rays . 

143-1. A peculiar effect has been observed by Langmuir which 
he interprets as showing that when light is incident on a caesium 
surface this acquires the power of reflecting electrons with little 
loss of energy electrons of 100 volts energy may retain 80 

volts after reflection). The electrons were produced from a hot 
filament and the c reflection ’ was shown by a second caesium surface 
receiving a negative charge in addition to the photo-electrons from 
the first surface. In the short account given there is no drawing 
of the apparatus, and it is not certain how far the effect might be 
accounted for by a space charge due to photo-electrons from the 
first surface influencing the motion of the thermo- electrons. 

A rather similar effect has been observed by I) ember 2 who 
finds that bombardment of an aluminium surface with electrons 
of about 100 volts energy, increases the photo-electric current 
manyfold, even after allowance has been made for the 8-rays 
emitted. This can be accounted for by a shift of the photo- 
electric threshold due to the action of the cathode rays on the 
surface, but the same result would be caused by an effect such as 
Langmuir claims. 

i Langmuir, Science y lvrd. p. 389, 1923. 
a Dember, Zeits. /. JPliya. xxx i u. p. 529, 1925. 



NAME INDEX 


Abraham, 258 

Aitken, 312 

Akulov, 455 

Alberti, 250, 264 

Alien, 5, 476 

Altberg, 90, 128 

Anderson, 450 

Andrade, 402, 412, 422, 423 

Andren, 334 

Arnold, 364, 455 

Arrhenius, 349, 403, 407, 410, 420 
Aselmann, 184 
Ashley, 173 

Aston, 276, 279, 282, 286, 389, 390 

"Baedeker, 63 
Baeyer, 353 

Bailey, 61, 143, 147, 148 
Bairstow, 97 
Baker, 319 
Bar, 306 

Barnes, 414, 417, 424 
Barton, 444 
Baras, 310 
Bazzoni, 452 
Beam, 438 
Beattie, 394 

Becker, A., 101, 128, 185, 241, 264, 358 

Becquerel, 254, 257, 264, 358 

Belar, Maria, 132 

Bennett, 414, 417, 424 

Bennewitz, 442, 444 

Bergwitz, 8, 10 

Bessel, 211 

Bestelmeyer, 252, 253, 260, 264 

Bijl, van der, 23, 40 

Birckenbach, 286 

Blackwood, 49, 186 

Blanc, 123, 124, 152, 155, 172 

Bloch, 40, 181, 447 

Blondlot, 338 

Bohr, 257, 456 

Bowen, 9-11 

Bowman, E. L., 105 

Boys, 2 

Bragg, W. H., 28 

Branly, 341 

Braun, 400, 402 

Breisig, 468 

Bridarman. 357 

Broglie, M. de, 184, 185 

Bronsted, 285 

Brown, E. O., 358, 359, 392 

Brown, L., 357 

Bryan, 414, 415, 426 


Bueherer, 260, 263, 264 

Buisson, 318, 459, 474 

Burt, 476 

Burton, 5 

Busse, 98, 155, 186 

Cavallo, 338 

Chattock, 1 19—124, 133, 135 
Chenault, 451, 453 
Chien Cha, 441 
Child, 115, 190, 371 
Classen, 252, 264 
Colston, 319 

Compton, K. T., 11, 134, 175, 176, 439, 
442, 472 
Congdon, 362 
Cooke, 5, 364, 366 
Cornelius, 444 
Costa, 283 
Couher, 312 
Coulomb, 1, 7 
Cravath, 125, 126, 181 
Crew, 476 
Crookes, 5 
Cunningham, 187 
Curie, M. et Mme, 253 

Davos, 472 

Davisson, 355, 356, 364, 381, 388, 444 

Dawson, 411, 415 

Deimnger, 347 

Del Bosarco, 362 

Dember, 482 

Dempster, 123, 126, 286, 287, 289, 390, 
391 

Des Coudres, 242, 290 
Dixon, 123, 124 
Du Bridge, 444 
Du Bay, 339 
Dunn, 444 

Dustman, 356, 381, 444 
Du Tour, 339 

Eddington, 11 
Edison, 347 
Ehrenfert, 180 
Ehrenhaft, 180 
Einstein, 439 

Elster, 3, 5, 324, 339, 340, 341, 348, 435- 
437, 456, 468, 473, 478, 481 
Enkson, 23, 30, 36, 38-40, 98, 114, 128, 
133, 149, 151-155, 159, 178, 181 
Erman, 402 
Evans, 127 
Ewald, 381 


31-2 



484 


NAME INDEX 


Fleming, 347-349 
Foote, 461—453, 472 
Forfcrat, 264 
Fowler, 416 

Franck, 77, S3, 97, 105, 122-124, 133, 
134, 153. 155, 163, 447, 472 
Frehafer, Miss, 480 
Fulcher, 122, 127 

Garrett, 115, 388, 395, 397, 398 
Gehlhoff, 133 
Geiger, 307 

Geitel, 3-5, 324, 339-341, 348, 435-437, 
456, 468, 473, 478, 481 
Gerdien, 101 
Gerlach, 306, 307 

Germer, 355, 357, 362, 364, 381, 444 

Giese, 402 

Gilbreath, 450 

Goekel, 9 

Goetz, 358 

Gold, 405-407, 424, 426 
Grindley, 111, 114, 123, 149, 152, 155, 
181 

Gross, 480 
Guthrie, 338 

Haines, 138, 148, 149 
Hallwachs, 435, 445, 454, 474 
Hamer, 444, 445 
Hankel, 402 
Haselfoot, 83 
Heaps, 433 

Helmholtz, R. von, 310-312, 341 
Hendren, 30, 35, 40 
Henry, 449 
Hensel, 77 

Herold, 441, 442, 443 

Hertz, 2, 61, 163, 206, 435, 447, 472 

Herwig, 402 

Hevesy, 286 

Hess, 9 

Hittorf, 379, 402 
Holtz, 401 
Honjgsohmidt, 286 
Hoor, 435 
Horton, 346, 472 

Hughes, 123, 437, 439, 445, 447, 448, 
450, 453, 473, 475, 476, 480 
Hulbert, 386 
Hupka, 262 

Ives, 455, 476, 481 

Jaflte, 40 
Jeans, 11, 156 
Jenkins, 386 
Jentzsch, 363 
Johannot, 329 
Johnsrud, 481 
Johnston, 257 


Jones, 362 

Kadeseh, 440 
Kalendyk, 393 

Kaufmann, 235, 240, 258, 264 
Kazda, 444 

Kelvin, Lord, 312, 325, 477 
Keys, 126, 127 
Kidner, 381 - 
Kiesslmg, 312 
Killian, 418 
Kmgdon, 358, 418, 451 
Kleeman, 28, 454 
Klemperer, 442 
Kluge, 442, 444 
Knoblauch, O , 437 
Kohlrausch, K. W F., 101 
Kolhorster, 9, 10, 11 
Koller, 362, 368 
Kondratjeff, 391 

Kovank, 115, 123, 124, 126, 130, 151, 
161, 178 
Kramers, 453 
Kreusler, 460, 461, 474 
Kunz, 451 

Laby, 234 

Ladenburg, 438, 474 
Lafay, 117 

Langevm, 33, 35, 36, 38, 40, 47, 52, 83, 
106, 123, 124, 126, 129, 149, 153, 169, 
171, 181, 183, 189 

Langmuir, 347, 368, 370, 371, 373, 381, 
418, 444, 482 
Laporte, 115, 117, 155 
Lattey, R. T., 105, 123, 124, 126, 130, 
131, 135, 145-147, 162 
Lawrence, 438, 452 
Lecker 244 

Lenard, 235, 236, 241, 248, 250, 264, 
311, 312, 318, 402, 422, 437, 438, 446, 
447, 449, 453, 455, 462, 463, 474, 476 
Lester, 364 
Lichtenecker, 438 
laebnch, 364 
Lmss, 3 
Little, 453 
Lockrow, 368 

Loeb, 65, 106, 123, 125, 126, 128, 133, 
142, 143, 147, 160, 173-176, 180, 181, 
426 

Lorentz, 258 
Ludlarn, 449, 453 

M c Calluin, 8 

M c delland, 23, 24, 78, 101, 102, 181, 
184, 186, 342, 378, 379, 398, 399 
McClung, 23 
Mache, 101 
M c Keehan, 189 
Mackenzie, 299 



NAME INDEX 


485 


McLennan, 5, 8, 126, 127 
Malassez, 241 
Marolk, 397 

Marx, 396, 403, 407, 421, 426, 431, 438 
Mattauch, 305 
Matteucoi, 1, 2 

Maxwell, 66, 165, 168, 169, 187, 188, 439 

Mayer, 131, 133, 155, 174 

Mazundar, 418 

Meissner, 34 

Meyer, 306 

Mie, 33, 203, 204 

Mietner, 153 

Millikan, 9-12, 83, 189, 300, 301, §02, 
305, 306, 308, 439-441, 444, 452 . 

Milne, 416, 453 
Mohler, 449, 451, 453, 472 
Moreau, 403, 421 
Moseley, 281 
Monlm, 28 

Nahrwold, 2 
Narr, 2 

Netchaewa, 455 
Neumann, 261, 263, 264 
Neureneuf, 400, 401 
Newall, 21 
Nielsen, 143, 475 
Nolan, 148, 149, 186 
Noyes, 417 

Owen, 252, 346, 382 

Pacsim, 8, 12 
Palmer, 448, 449 
Pannell, 96 
Partzsch, 454, 472 
Pasohen, 264 
Pettmelli, 397 

Phillips, 38, 39, 52, 110, 123, 132, 149, 
151, 177, 178 
Pidduok, 148 
Piersol, 441 
Plimpton, 26, 35 

Pohl, 105, 123, 124, 456, 479-481 

Pollock, 185 

Potter, 362 

Pouillet, 401 

Predwoditelew, 455 

Preeee, 347 

Priestley, 338 

Prmgsheim, 208, 319, 456, 479-481 
Przibr&m, K., 125, 126, 132, 151, 172, 
174, 334 

Bamsauer, 175, 176, 422, 449, 453 

Batner, 122, 123, 128, 134, 135, 145 

Bayleigh, Lord, 329 

Begener, 305, 307 

Beynolds, 0 , 96 

Biccati, 211 


Bichardson, O W., 344, 346, 347, 352, 
353, 356-365, 367, 369, 381-338, 392, 
394, 395, 439, 442, 4 44 - 11 6, 452, 4S0 
Bich&rz, 310-312 
Bichtmeyer, 456 
Biecke, 33 
Biegei, 250 
Bighi, 435 
Bitschinsky, 40 
Bobb, 204 
Bobmson, 441 
Boss, 442 
Bossiger, 362 
Bothgeisei, 123, 124, 152 
Bowe, 381 
Boy, 444, 446 
Bucker, 329 
Bumeliri, 25, 40 
BusseH, 319, 416 

Butherford, 5, 15, 19, 23, 24, 32, 75, 78, 
80, 85, 99, 100, 102, 104, 115, 132, 153, 
208, 280-282, 291, 307, 378, 437, 459 

Sabine, 441 

Sackur, 356 

Saha, 415-418 

Salles, 77, 83 

Samuel, 453 

Sault, du, 174 

Scheel, 307 

Sehlicter, 381, 444 

Schmidt, G 0., 436 

Sohmidt, H. W., 153, 394, 395, 436 

Sohottky, 361, 370, 371, 373 

Schuster, 239 

Sohweidler, von, 18, 459, 462, 464, 474 
Seeliger, 204 
Seemann, 204 
Seitz, 240, 264 
Selenyi, 349 
Serkof , 450 
Sheard, 393, 395 
Shinndzu, 336 
Simon, 240, 264 
Smith, K El., 355 
Snuthells, 411, 415 
Smyth, 449, 452, 472 
Stanton, 96 
Stark, 403, 450 
Starke, 403 
Steubing, 450 
S til-well, 481 
Stokes, 187, 188, 291 
Stoletow, 435, 437, 454, 457-460, 462, 
463, 468, 471, 472 
Stoney, 257 
Stormer, 222 
Strutt, 382 

Stuhlman, 441, 454, 4 55 
Suhrmann, 381, 382 
Sur, 418 



NAME INDEX 


486 

Sutherland, 23, 151, 177 

Tetrode, 356 
Thirkill, 36, 40, 54 
Thomson, 6. P., 287, 390 
Thomson, J. J, 15, 17, 19, 32, 50, 63, 
233, 234, 237, 246, 251, 264, 291, 309, 
315, 320, 321, 324, 385, 393, 394, 400, 
437,449,469 
Ting, 362 

Tizard, 117, 123, 124, 126, 130, 131, 135, 
147 

Todd, 123, 124, 126, 127, 398 
Townsend, 18, 24, 40, 61, 69, 74, 76, 
77, 80-83, 117, 135, 143, 147, 148, 
175,176,298,311,319,472 
Trkal, 180 
Tufts, 403, 407 

Tyndall, 111, 114, 123, 132, 133, 149, 
152, 155 
Tyndall, J., 317 

Tan der Byl, 452 
Vartey, 464, 469, 474 
Vincent, 317, 478 
Volmer, 391 
Volta, 399, 436 

Wahhn, 125, 134, 142, 147, 149, 154, 
175, 176 

Walker, 123, 124, 204 
Walter, 394 
Warburg, 2, 133, 242 
Waterman, 389 
Watson, 211, 338 


Watt, 432, 433 

Wehnelt, 252, 265, 346, 363, 364, 369 
Welbsch, 36, 123-126, 128, 132, 136, 143, 
149, 153,173 
Wentzel, 455 
West, 449, 453 
Westphal, 77, 83 
Whiadmgton, 449 
Wiechert, 241, 242, 264 
Wiedemann, 13, 402 
Wien, W., 265, 266, 274 
Wiener, 482 
Williams, 451 
Wilhamson, 452 
Willows, 395, 397 

Wilson, C. T. E., 3-5, 11, 28, 291, 294, 
298, 299, 312-320, 476-478 
Wilson, H. A., 175, 176, 234, 299, 319, 
357, 366-368, 378, 379, 382, 395, 396, 
402-409, 411-426, 431-434 
Wilson, W., 446 
Wmkelmann, 78 
Wolf, 442, 479 
Wolf, M., 311, 312 
Wolz,261, 263,264 
Wnght, 8 
Wulf,8 

Yen, 124, 125, 133, 149 
Young, 357, 358, 381, 444, 445 

Zachmann, 412, 414, 415 
Zeeman, 257 

Zeleny, 75, 80, 86, 87, 90, 91, 98, 123, 
124,130, 131,186, 189,190,475 



SUBJECT INDEX 

(The references are to the pages) 


Absorption, effect on photo-electric 
emission, 454, 481 

Age of ions, effect on mobility, 99, 114, 
128, 152, 155, 159 

Aggregation of molecules round an ion, 
see Complex ions 
Air flow, turbulent, 96, 99 
Alternating currents, conductivity of 
flames for, 424 
Anode rays, 389 

Atomic volume, effect on photo-electric 
emission, 445 
Aurora Borealis, 349 
Auto-photo-electnc effect, 446 

Canalstrahlen, see Positive rays 
Cathode rays, velocity of, 242 

effect on photo-electric emission, 482 
e/m for, 229 et seq. 

Caves, natural conduction in, 6 
Cells, photo-electnc, 473 
Chemical action, ions by, 185 
Clouds, formed on dust, 312 

formed on ions, 291, 310 et seq. 
in organic vapours, 334 
produced by metals, 319 
produced by ultra-violet light, 316, 
318, 476 

relative effect of positive and negative 
ions in producing, 320, 322 
theory of production of, on ions, 325 
et seq 

Collisions, inelastic, of electrons, 61, 
148, 472 

ionisation by, 469 

of electrons with gas molecules, 142, 
147, 160, 163 

of ions with gas molecules, effect on 
recombination, 44 
Columnar ionisation, 28 
Comet, effect on natural conduction, 12 
Complex ions, 51, 61, 127, 178 
Condensation, see Clouds 
Contact potential difference, effect on 
photo-electnc emission, 443 
influence on thermionic emission, 355, 
365 


Diffusion of ions, 67 et seq. 
coefficient of, 75 et seq 
effect of moisture on, 75, 76 
effect on current between parallel 
plates, 211 

effect on photo-electnc current, 467 
effect on thermionic emission, 374 
relation with mobility, 79, 81 

Direction of emission of photo-electrons, 
441, 454 

Distribution of electric intensity be- 
tween charged plates 
effect of difference of mobility of ions 
on, 204 

effect of ionisation due to salt on, 206, 
379 

effect of ionisation on, 190, 197 et seq. 

Doubly charged ions, 83, 273, 388, 390, 
391 

Drops, see Clouds 

Dust, as carrier of ions, 181, 183, 185 
clouds formed on, 312 

E s determination of. Chap VII 
oil drops used to determine. 300 

e/m, determination of. Chap VI 

for electrons, 229 et seq , 264 (table 
of values) 

for positive ions from hot metals, 
385 

for positive ions from hot salts, 387 
for positive ions from hot wire, 290 
for positive rays, 265 et seq. 
values of, for electron, 233, 236, 237, 
238, 264 

Efficiency of photo-electnc emission, 
453, 456 

Electro -negative gases, effect on mobility 
of negative ions, 133, 155 

Electrons, collisions with gas molecules, 
142, 147, 160, 163 

determination of e/m for, 229 et seq., 
264 (table of values) 
effect of gases on electron emission 
from heated solids, 340, 365 et seq. 
emission from heated alkali metals, 
357, 369, 381 

emission from heated carbon, 341, 
347, 349, 381 


Diffusion of gases, 78 



488 


SUBJECT 113 TEX 


Electrons ( continued ) 

emission from heated molybdenum, 
381 

emission from heated oxides, 368, 381 
emission from heated platinum, 340, 
366, 381 

emission from heated tantalum, 381 
emission from heated tungsten, 368, 
381 

emission from hot solids, table of 
constants, 381 
free path of, 57 
from the sun, 349 
heat of emission of, 363 
inelastic collisions of, 61, 148, 472 
mobility of, 130, 133, 148, 158, 160- 
164, 175, 424-433 

produced from heated sohds, 338 et 
seq 

recombination -with positive ions, 60 
reflection of, 354, 482 
released by light, see Photo -elec tnc 
emission 

thermionic, energy distribution among, 
358 

values of elm for, 233, 236-238, 
264 (table) 

variation of mass with speed, 257 et 
seq. 

variation with temperature of emis- 
sion from heated compounds, 346 
variation with temperature of emis- 
sion from heated metals, 344, 350 
et seq. 

Energy, distribution of, among photo- 
electric electrons, 441 
distribution of, among positive therm- 
ions, 392 

distribution of, among thermionic 
electrons, 358 

of emission of photo -electrons, 438 
of emission of photo -electrons from 
thm Aims, 441 

Fatigue, photo-electric, 473 
Field strength, effect of, on mobility, 
134, 136 et seq , 145, 162, 163 
Flames, conduction m. Chap. X 

conductivity of, for alternating cur- 
rents, 424 

effect of electric force on, 400, 402 
effect of salt on conductivity in, 
407 et seq* 

effect of temperature on conductivity 
in, 415 

electno intensity due to magnetic 
held, 426 

increased resistance due to magnetic 
field, 433 

ions drawn from, mobilities of, 101, 
184, 378, 379, 400 


Flames {continued) 

maximum current earned by salt in, 
433 

mobility of ions m, 378, 379, 418 et 
seq 

Free path, of an electron, 57 
of ion, effect of charge on, 48 

Height, variation of natural conduc- 
tivity with, 9 

Hot bodies, ions from, see Thermionic 
emission 

Hot wire, e/m for positive ions from, 
290 

Intensity, electnc, between charged 
plates, effect of diffusion on, 204 
effect of ionisation due to salt on, 206, 
379, 409 

effect of ionisation on, 190, 197 et 
seq., 395, 403 

Intensity, electric, effect of, on mobility, 
134, 136 et seq , 145, 162, 163 
Intensity of light, photo-electric emis- 
sion proportional to, 455 
‘Intermediate ions/ 185 
Ionisation by stages, 452 
Ionisation potentials, 472 
Isotopes, 276 

separation of, 284 
table of, 288 

use of ions from salts to mvestigate, 
389 

Lag, absence of, m photo-electric emis- 
sion, 438 

Large ions, groups of, 186 
mobilities of, 101, 181 
theory of mobility, 187 
Light, emission of electrons due to, see 
Photo-eleetnc emission 
influence on thermionic emission, 455, 
476 

Liquids, recombination m, 23, 38, 40 
photo-eleetnc effects in, 454 

Magnetic field, effect on motion of ions. 
Chap. V 

eleotnc intensity m flames, due to, 426 
increased resistance m flames due to, 
433 

in electno wave, effect on motion of 
ions, 227 

motion of free ions in, 217 
motion of ions in gas m, 215 
Mass spectrograph, 276 et seq 
Metals, clouds produced by, 319 
Mixed gases, mobilities of ions m, 152, 
171 

Mobility of electrons, 130, 133-148, 158, 
160-164, 175, 424-433 



SUBJECT INDEX 


489 


Mobility of normal ions. Chap. Ill; see 
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in oaves, 6 
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gas, 457, 468 
theory of, 465 

Photo-electric emission. Chap. XI 

distribution of energy among elec- 
trons, 441 

effect oi absorption on, 454, 481 
effect of cathode rays on, 4S2 
effect of contact potential difference 
on, 443 

efficiency of, 453, 456 
energy of electrons, 438 
energy of electrons from thin films, 
441 

from gases, 446 et seq. 
from liquids, 454 
from vapours, 450 
independent of time, 438 
nature of ions, 437 
proportional to intensity of light, 455 
relation with atomic volume, 445 
selective, 478 
threshold of, 440, 444, 445 
threshold of, effect of gas on, 444 
threshold of, for metallic vapours, 457 
variation with temperature, 475 
Photo-electric fatigue, 473 
Pomts, mobility of ions from sharp, 119, 
122 

Polar molecules, 63 

effect of, on mobility, 181 
Positive ions : 

ejm for, from hot metals 286, 385 
elm for, from hot salts, 387 
emission of, by hot metals, 382 et seq. 
emissi on of, by hot metals, effect of 
gas on, 391 

emission of, by hot metals, energy of, 
392 

from hot wire, e/m for, 290 
less efficient in producing clouds, 320, 
322 

mobility different from that of nega- 
tive ions, 86, 90, 130, 398 
recombination with electrons, 60 
variation of therzmonio current with 
temperature, 385 
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Positive lays, 134 
e[m for, 265 et seq. 
secondary, 275 

Potential distribution, see Distribution 
of electric intensity 
Potentials, ionisation, 472 
Pressure, effect on mobility, 12b, 129, 
398 

effect on natural conduction, 5 
effect on recombination, 35, 47 

Radiation, penetrating, 9 
absorption of, 10, 11 
Recoil atoms, mobility of, 153 
Recombination, 19 et seq. 
coefficient, definition of, 20 
coefficient, values of, 27, 36, 40, 53 
effect of collision of ions with gas 
molecules on, 44 
m liquids, 23, 38, 40 
of electrons and positive ions, 60 
relation with mobility, 55 
theory of, 40 et seq. 
variation with pressure, 35, 47 
variation with temperature, 38, 51 
Reflection of electrons, 354, 482 

Salts, ejm for ions from heated, 387 
effect of ionisation from, on distribu- 
tion of electric intensity, 206, 379, 
409 

effect on conductivity of flames, 407 et 
seq. 

emission of positive ions from heated, 
394 

maximum current earned by, m 
flames, 433 

mobility of ions from, 122, 397, 398 
variation of mobility of ions from, 
with pressure, 398 
Saturation current, 17 
thermionic, 344, 370 
Sea, natural conductivity over, 8 
Selective photo-electne effect, 478 
Sensitivity of photo-electric emission, 
456, 473 

Size of ion, limit to, 65 
Space charge, 370, 375, 451 
Spectrograph, mass, 276 
Steam jet, effect of electric discharge 
on, 310 

Stokes* Law, 187 et seq., 291, 302, 305 

Sub-electron, 305 

Sun, electrons from, 349 

Temperature, effect of, on conductivity 
of flame, 415 

effect of, on mobility, 149, 176 
effect of, on recombination, 38, 51 
influence on photo-electne emission, 
475 


Temperature (continued) 

natural conduction not affected by, 2 
variation of thermionic emission, 344, 
350 et seq 

Theories, of different efficiency of posi- 
tive and negative ions m producing 
clouds, 322 

of mobility, 156, 165 et seq. 
of mobility of large ions, 187 
of photo-electne current m presence 
of gas, 465 

of production of clouds, 325 et seq. 
of recombination, 40 et seq 
of thermionic emission, 350 et seq 
Thermionic emission 

elm for negative ions, 342 
ejm for positive ions from hot metals, 
38o 

ejm for positive ions from hot salts, 387 
effect of contact potential difference, 
355, 365 

effect of diffusion on, 374 
effect of gas on current, 375 et seq. 
energy distribution among electrons, 
358 

from alkali metals, 357, 369, 3,81 
from carbon, 341, 347, 349, 381 
from heated compounds, 346 
from heated metals, 338 et seq 
from heated metals, effect of gases on, 
340, 365 et seq. 

from heated metals, mobility of ions, 
342, 378, 379 
from heated salts, 374 
from molybdenum, 381 
from oxides, 368, 381 
from platinum, 340, 366, 381 
from tantalum, 381 
from tungsten, 368, 381 
heat absorbed in, 363 
influenced by light, 455, 476 
of positive ions, 382 et seq. 
saturation of, 344, 370 
table of constants, 381 
theory of, 350 et seq. 
variation with temperature, 344, 350 
et seq. 

Thermo-luminescence, 383 
Threshold, photo-electric, 440, 444, 445 
effect of gas on, 444 
of metallic vapours, 451 
Time, effect of, on natural conduction, 6 
photo-electne emission independent 
of, 438 

Tracks, Wilson, 334 
Turbulence of air flow, 96, 99 

Ultra-violet light: 

abnormal mobility of ions produced 
by, 318 

clouds produced by, 316-318, 476 
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Ultra-violet light ( continued ) 

ions from, see Photo -electnc emission 

Vapours, effect on mobility, 132 
hot, conduction m, 392, 418 
mobility of ions of, 125, 151, 172 
organic, clouds in, 334 
photo-electric emission from, 450 
water, effect on mobility, 75, 96, 114, 
131, 155 


Velocity of cathode rays, 242 

Water vapour, effect of, on conductivity 
of heated salts, 393 
effect of, on mobility, 75, 96, 114, 131, 
155 

Wave, electric, effect of, on motion of 
ions, 227 

Wire, mobility of ions from fine, 97, 
134 
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